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Piperidine and pyrrolidine rings are common motifs found in many biologically active natural
products and drugs. Therefore, they have led to considerablegatdrom the synthetic community.

Despite the many publications in tHesld, there is still nogeneral methodthat can be routinely

employed for the whole classf compounds.In addition, in the last 20 years, cascade sequences

have become increasingly L)2 NIi I y i a GKS& IINBE Y2NB (GAYS STFSC
the traditionalone stepg one vessebpproach.Accordinglypur work focuses on the development of

new methodologies for the onpot synthesis of pyrrolidine and piperidine heterocycles.

Buiding on previous studies within the Dixon grouascade sequences involving an initial reversible
nitro-Mannich reaction between a nitralkane 4 and an imine3 followed by an irreversible

cyclisation reaction of the amine functionality in the diregtro-Mannich adducts were studied

(Scheme 1).
R
R, H. R Rz ’
o N IN 2 o) Ry _NH N
| + E _ | + E 1 A R “E
Rw)J\H NH,-R, { R1/kH ONTYE — R1/kH OZN/\M;, = I{\()}E T—é/)nﬂ 2
1 2 3 4 ON" My ON ¢

Scheme 1Cascade sequences involving a nitvtannich reaction

Development of a itro-Mannich / Lactamisationcascade for the synthesis ¢fans 1,5
disubstituted 4-nitropyrrolidinones

An efficient dastereoselective nitréMannich/lactamisation reaction cascade of methyt 3
nitropropanoate? with cyclic and acyclic imines ftire direct preparation of monocyclgand fused
tricyclic 9 pyrrolidinone derivatives was developé@cheme 23 The reaction is easy to perform,
broad in scope and tolerates a wide variety of functional groups (haliteeshals, esters, ketals, etc).

For the monecyclic methodology, 28 examples with a very good average yield of 72% and excellent
diaskereocontrol (typical dr >98:2) were obtained usimgtimizedconditions and varying the amine

and the aldehyde. Thetrans relationship of the major diasterecisomer was determined

unambigwusly by Xay crystallography dfO.
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Scheme 2: Diastereoselective synthesis of monocycllc and fused tricyclic pyrrolidinones

A onepot nitro-Mannich / Lactamisation cascade for the synthesis of 1-8jSubstituted
4-nitropyrrolidinones

In order to access natural products and biologjcalttive compounds containing pyrrolidirsad
pyrrolidinone rings substituted m the 3 position, he previously describedmethodology was
extended to the synthesis of,3,5trisubstituted 4-nitropyrrolidinone derivatives 12 dza A ¥ 3
substituted 3nitropropanoatell. Using a ongot protocol,15 derivatives wee synthesised in good
yields (696 average) and disseomeric ratio ranging from 5:1 to 11l in favour of thetrans/trans
diastereoisomerScheme 3jSeveralH NMR stuiés were undertaken in order to test the influence
of different variables on the diastereocontrol. It was found that the only factor which had a
significant influence on the diastereomeric ratio was the steric hindrance of the different
substituents. Anotbr set of 7 compounds, withialstereomericratio ranging from 3:1 to 30:1, were

specifically designed to exemplify the influence of the steric hindrance on the diastereocontrol.
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Scheme 3Diastereoselective synthesis of3,5trisubstituted 4-nitropyrrolidinones



Extension of the methodologies and applications

The nitroMannich / lactamisation cascade dfvas developed further to allow the rapid synthesis of
5-isopropyt4-nitropyrrolidin-2-one 13 from reaction with ammaium acetate 14 and Lbutyl-4-

nitropyrrolidin-2-one 15 from reaction with formaldehydé6 (37% solution in water) (Scheme 4).
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Scheme 4: Further extension of the nitfdannich / lactamisation cascade

In addition, the synthtc utility of the nitro-pyrrolidinones formed was exemplified through various
functional group modifications. The selective reduction of the lactam carbonyl was performed in the
presence of the nitro group (produdtl), the reduction of the nitro group tdhe corresponding
amine was achieved successfully in the presence (prod@gtor absence (produci2) of the
carbonyl group and the nitro group was successfully removed under radical conditions td.4orm

(Scheme 5).

R1, N R H ) N_o ) N_o
" on -t (' T
H “
OoN () HoN' (1) HoN' () (+) H Bn
11, 31% average yield 12, 73% average yield 13, 80% yield 14, 90% yield

Schleme 5: Various functional group modifications

An enantioselective version of the nitrdlannich / Lactamisation cascade

An enantioselective version of theitro-Mannich / lactamisatiorcascade under chiral Bronsted acid
catalysishas been studied thoroughlyrhe reactivity of the initial system had to be tuned in order to
limit the background reaction and allow the catalytic reaction to take plaoe r@sults obtainedfter
optimization of the reaction conditionare very promising (up to 90% em varioussubstrates)

(Scheme 6).
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Scheme 6: Enantioselective nitfelannich / lactamisation cascade

Studies towards an understanding of the nitfslannich / Lactamisation cascade

SeveralH NMR studies as well as Raman spectroscogyspéctropscopy and EPR (in the lab of Dr.
Wesley Browne, Groningen University, The Netherlahdske been undertaken in order to better

understand the nitreMannich / Lactamisation cascade reaction as well as the origin of the
stereocontrol. For instancehese studies allowed us to understand the role of the oxygen in the

reaction as well as to identify the rate determining step.

A formal synthesis of slaframineia a nitro-Mannich/ epoxide ring opening cascade

A formal synthesis of slaframir28 was abieved in 8 steps and % overall yield from commercially
available 5chloropentynel8 (Scheme 7)Thecopper catalyzedoupling of 5chlororopent-1-yne 18
with diazoacetatel9 providedthe alkyne20 in 93% yield After several optimization studiesising
different metal sources, partial hydrogenation of the alkyne to tldesired Z-alkene 21 was
performedin 73% yield with nickel boridé Finkelsteimeaction followed by aitration generated23

in 60% over the two stepsThen, asynepoxidationwith DMDOallowed the formation of the key
intermediate 24 in 92% yield After several attempts at formin@6 in a onepot nitro-Mannich/
epoxide ring opening / lactamisation cascade, the 6 anohebered ring were constructed
stepwise. A first nitrdMlannich / epoxile ring opening cascade, with benzylamine and formaldehyde,
afforded the piperidine ring25 in 70% vyield. Then, a catalytic hydrogenation with palladium
hydroxide allowed the cleavage of the benzyl group with subsequent lactamisation onto the ester to
form the pyrrolidirone ring and the reduction of the nitro group to the amine with the desired
stereochemistry in 73% vyield. Finally, a LiABdluction of the lactam carbonyl &6 afforded 27 in

80% yield and provided a formal synthesis of slafrar@Bigm 8 steps.
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Scheme 7A formal synthesis of slaframine 28 in 18% overall yield

Development of a methodology towards a general nitfdannich / epoxide ring opening
cascade for the synthesis of pyrrolidine and piperidine rings

Following on the proof of principle obtained in the synthesis of Slaframine, we decided to develop a

new nitro-Mannich / epoxide ring opening to easily access pyrrolidine and piperidine rings (Scheme

8).
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Scheme 8: Generalitro-Mannich / epoxide ring opening cascade

A key intermediate to start developing the methodology has been synthesized in 6 steps from
tetrahydrofuran 29 (Scheme 9). Opening of tetrahydrofur&® with HBr followed by a Swern
oxidation of the primary aldwl30and a HWE le O G A 2 y | T FuhdhiRraied este®ZBn 399 i
yield. The allylic alcohd3 was obtainedvia a reduction withDIBAEH in 85% yield. A Finkelstein
reaction followed by a nitration with silver nitrite allowed the formation of the intermedidte
whichwas subsequently oxidized by DMDO to access the key ep8&idanally 37 was successfully
isolated as the products of a nitfdannich / epoxide ring opening cascade, leading the way to the

development of a new methodology (Scheme 9).
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Scheme 9: Synthesis of the key epoxide 35 and proof of principle of a \temnich / epoxide opening
cascade

Conclusion

A new nitreMannich / Lactamisation cascade was developed for the one pot synthesanefl,3
substituted 4nitropyrrolidinones in high chemical yield. The methodology has been extended to the
synthesis of fused tricyclic pyrrolidinones and 1-8Bstituted 4nitropyrrolidinones in very good
yields and an enantioselective version of the cascade is under developruethie=manipulation of

the products was demonstrated (including the reduction of the nitro group and/or the carbonyl
group and denitrohydrogenation). In addition, a formal synthesigofSlaframine was successfully
achieved using a nitriMlannich/epoxideopening cascade and a general methodology using such a
cascade for the synthesis of pyrrolidine and piperidine rings is being developed. Finally, several

mechanistic studies were undertaken to rationalize the results generated.
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.1  The nitro-Mannich reaction

The nitraMannich reaction (or azilenry), discovered in 1897 by Louis Hersythe nucleophilic
FRRAGAZ2Y 2F yAGNRI tnirbayhiBeaderivadivesiltYshayv&iant td theMangiddly” |
and the Henry reactions, which constitutes, with the aldol reactions, some of the most common
processes to form € bondvia the addition of a carbon nuebphile toa C=X (X = O, N, S) double
bond. Whereas those three reactions (Henry, Mannich and aldol) have been studied extensively, the
nitro-Mannich has received very little interest from the synthetic community throughout tHe 20
century. Most of the edy publications describing the nitidlannich reaction were of limited scope
and of poor yield and diastereocontrol. However, since the late nineties, theare been an
increasing number of publications in the field and several diastereselective andi@selactive
methodologies have been developedhe products formedare versatile and they can easily be
transformed via various functional groupmodifications. Indeed, the nitrdlannich reaction is

starting to appear in syntheses of natural products otdmaally active compounds.

1.1.1 Discovery and early work

The first nitreMannich reactiohwas reported by Henry in 1897, the year following his publication of
the first nitroaldol reaction, later renamed the Henry reactforlenry described the reaction of

nitroalkanesl with hemiaminals2 (i 2  Fit@dtamines3 (Schemel).

R2 Conditions R2 NO, R2
RN 0, + Ill o - “N /\V\ NG
R3S not reported R? R "?3
1 2 3

Schemel ¢ The frst reported nitro-Mannich reaction by Henry

Presumably, loss of water fror gives an iminium ion that is subsequently attacked by nitroalkiane

to form an intermediate nitrea | Yy An@ramine product, which in turn, can react with a second

SldzA @I £t Syd 2F AYAYAdzy Higodianir@s3.IA PGS NAAS G2 (GKS

! (a) Henry, LBull. Acad. Roy. Bel§y897, 33, 412. (b) Henry, IBer.1905 33, 2027.
2 Henry, LCompt. Rend. Hebd. Seances Acad18@6 120, 1265.

LIN
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LY mMdpnmI a2dzaaSa Lzt A a KStRdiamines6Argn the riddctibidSof DG A 2y
methy}1-nitropropane4 with hemiaminal5 (Schemep)

Conditions

@

NO. + _— N N

Y\ 2 N._-OH not reported Q r Q
4 5 6

Scheme2 ¢ Nitro-Mannich reaction reported by Mousset

! ¥FS6 @SIFNR ffFGSNE 5dz2RSyx . 201 Iy Ritro A R NB L
bisdimethylaminopropane and further reduced the nitro group to the corresponding amine using

SnCl* However they were unableto reproduce the reaction of nitromethane withN-

4

hydroxymethylamine9 E O S LJ(i “fwarkihereSwd® sbZurther advances on the nithannich
reaction until extensive studies were published independently by Johnson and Senkus in 1946.
Senkus descriltk the reaction of mone 7 and disubstituted nitroalkaned1 respectively with
primary amines8 and formaldehyde9.® The reaction was performed under neat conditions and in
the presence of N&5Q® -Nitrodiamines10 | y* Rnitrbamine 12 were obtainedin 71-80% and10-
90% vyield respectivel\s€heme3). The author believethat amines8 and formaldehyde9 formed
the corresponding hermaminalsin situ before reacting withnitroalkanes7 and 11, presumablyvia
the iminium ion Products10 and 12 were also synthesised by reacting amirg&svith the Henry

product of the reaction of nitroalkanesandformaldehyde9.

¥ Mousset, TBull. Acad. Roy. Bel§901, 622.

“Duden, P.; Bock, K.; Reid, HBeX.1905 33, 2036.

5 (a)Cerf de Mauny, HBull. Soc. Chim931, 4, 1451;(b)Cerf de Mauny, H.Bull. Soc. Chimi931, 4, 1460.
6Senkus, MJ. Am. Chem. Sd946 68, 10.
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[e) Nast4

O,N R!
neat, RT H>2 H
RIVNO, * PN v, e R .
2 R H™ H 71-80% R? R?
7 8 9 10
R'= Me, Et, Cl; ®'Pr, Bn
Me N82804 1
1 2N 5o .
R™ "NO, R H” ~H 10-90% R2 NO,
11 8 9 12

R' = Me, EtR =Me, 'Pr,"Bu,Bn, methylpropyl, phenylethyl, CH(Me)GBH, C(MeCHOH, CH(Et)GBH

Scheme3 ¢ Nitro-Mannich reaction reported by Senkus

Johnson reported two new advancements the nitro-Mannich reaction involving primary,

secondary or amatic amines(Scheme4).”® i-y A (i NB | Y A yiiodliamings &5 of 17 were

synthesised either in onpot (where formaldehyde9, nitroalkanel3 and aminesl4 or 16 were

mixed simultaneously) or in two steps (amiriebor 16 would be added to the Henry product of the

reaction of formddehyde9 with nitroalkanel3). In the latter, the nitrealcoholwasbelieved to first
GRSO2YLI2AS Ayid2 YyAGNRvak iroFHFIWNE I RA FRNY I § R&EK & RS |j «
reaction times.

NaCl

A H ? t, RT I
neat,
N02 + N + )J\ - N\XNOZ

24-83%

R = Me,"Bu, CH(Et)gntyl; cyclic amines: morpholine, piperidines, -Bj\nethylpyrrolidine.

NaCl
(o] R?
H neat, RT |
+ N\ + )J\ _— N\X
NO, Ar” TR H™H —_— A NO,

13 16 9 17
R'=H, Me/Bu
Schemet ¢ Nitro-Mannich reaction with secondary amines
In addition, Senkus and Johnson, both reported tleuction of the nitro group2 ¥ G-KS |

nitrodiamines10} Y Rnitrbamines12, 15and17 to the corresponding amines with Raney nickel.

In 1943, Hass and Riley described the first AMi@nnich reaction between a preformed imisé8

and nitroalkanes19 (Scheme5).? Nitro-olefins 20 were 26 it AYSR AyaidSIR 2F (K

" Johnson, H. G.. Am. Chem. Sd946 68, 14.
8Johnson, H. G. Am. Chem. Sd946 68, 12.
o Haas, H.; Riley, Enem. Re\1943 33, 409.
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nitroamines. Since the reaction was heated to reflux overnight it is reasonable that elimination to the

conjugated syster20 occured under thermodynamic control.

R!
NI - MeOH
H + R2 NO, ——————> N NO,
reflux
R2
18 19 20

Schemeb ¢ Synthesis of a nitreolefin from a Nitro-Mannich reaction

LYGSNBadAy3ates | dNR | yR {-Hithd@Enmha 23 KB dgeNdastiBn ofi K S

nitroalkanes22 with the preformedimine 21 derived from aniline$chemes).*

/© EtOH /©
N o~ reflux, 10h HN o
+ R"NO, ————
H 2 34-55% 2
R1
21 22 23

R = Me, Et

Schemeb ¢ Nitro-Mannich reaction with a preformed imine

The next major development of the nitfdannich reactioncame in 1976 whemMuhlstadf" and
Jairt?independently reported aeaction cascade, involving an initial ndkéannich reaction beveen

a nitroalkane and arimine, followed by an irreversibléactamisation.They both described the
readion between methyl 4nitrobutanoate 24, an aromatic aldehyde and ammonium acetate to
form the correspondingiperidinone25 (Scheme7). Through®H NMR analysis, Jain confirmed the

trans stereochemistry of nitropiperidinonezb.

(0]

R

(0] =

O,N \/\)Lo/ ACONH,/AcOH

15-53%

24
R = Me, OMe, Cl, N(MeCN, N@ Br

SchemeéT - First nitro-Mannich / lactamisation cascade

In both publications, the scope of the reaction was fairly limited, and included only a small number

of substituted aromatic alehydes.

Hurd, C. D.; Strong,9.J. Am. Chem. Sd950, 72, 4813.
" Mihlstadt, M.; Schulze, B. F. Prakt. Cherh975 919.
2 Bhagwatheeswaran, H.; Gaur, S. P.; Jain, Byrhesid976 615.

QX
7
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The first acyclic diastereoselective nixannich reaction was reported by Anderson andvearkers
in 1998 Gcheme8).®* They described the addition of lithium salts of nitroalkarg&sto N-(p-
methoxybenzyl) imine&7 in the presence of acetic acid in good to excellent yields (60 to 95ith)
good diastereocontrol (1:5 to 10:1 in favour of thenti diastelS 2 A & 2 YN&rNdnihes28 were
further reduced and deprotected to the more stable diamin28 without erosion of the
diastereomeric ratio. The mild reaction conditioosuld tolerate aromatic, branched aliphatic and

enolisable imines.

PMB.
- JNl\/PMB 1) "BuLi, THF, -78°C NH 1) Sml, THF/MeOH NH,
R'NO, + Z AR ,~_R!
R*"H 2) THF, AcOH Y 2)CAN.MecNH,0 R
78°C 10 0 °C NG, NH;
26 27 28 29
60-95% yield 39-77% yield
dr 1.5:1 to 10:1 dr 1.5:1 to 10:1

R'= Me, Et, Ph¥ = Ph"Pn,°Hex, Ph, C}0Bn, (Ch)sPh

SchemeB ¢ First Acyclic diastereoselective nitriMannich reaction

This work represents a mgwne in the research around the NitMannich reaction, as ém then
on, an increasing interest for this reactican be witnessedwith over 150 reports covering both
diastereoselective and/or enantioselective versions of the reaction using roatalyst (sectiorl-1-

2) or organocatalysts (sectidi-3).

1.1.2 Stereoselective metal-catalysed nitro-Mannich reaction*

With the aim of improving the efficiency of their reaction and of developing an enantioselective
version of it, Andersoret al. reported in 2001 the reaction of aryl and alkyl iming8 with 1-

trimethyl nitropropanoate31 catalysed by scandium triflat&¢heme9).*

13 Adams, H.; Anderson, J. C.; Peace, S.; Pennell, AJNDI§. Chen1998 63, 9932.

 For a review: a) Westermann, Sngew.Chem. Int. EQR003 42, 151. b) Marqué#dpez, E; Merino, P, Tejero, T.;
Herrera, R. FEur. J. OrgChem2009 15, 2401.

> Anderson, J. C.; Peace, S.; PiBy8lett200Q 6, 850.
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ol
Me,Sio™ 0P ,
R2 31 RENH
N~ (1.1eq.) :
1eq. Et
1)‘\ R1/\|/
R" 'H Sc(OTf); (0.04 eq.) NO,
MeCN, 0°C, 2 h

30 32
53-99% yield
dr 1:1to 9:1

R'= Phc-hexyl, (CH.CH, (CH),Ph, 2furyl; R = PMB, PMP

Schemed ¢ Synthesif2 F-nitroamines30
¢ KS R Saittoadh&s32iwere isolatedin moderate to excellent yields (53% to 99%) amudto
good diastereoselectivities (1:1 to19:In most cases, the PMP protectadine was found to provide
higher yields and diastereocontrdidn the PMB analog

The same year, Qiagt al. also reported the use of lanthanides derivatives as catalyst of the-nitro

Mannich reaction between aryl sulfonylimin@&3 and nitromethane34 in excellent yields (92

averageyield) (Schemel0).*
Tsp Yb(O'Pr); (5 mol%) HN TSP
N
)|\ + Hs,C\N02 Ar)\/NOZ
A7 H THF, 3h, RT
33 34 35

92% average yield

Schemel0 ¢ Nitro-Mannich reaction of sulfonylimines catalysed blgb(dPr)s

The first catalytic enantioselective nithdannich reaction was achi&R o6& { KAol al { A Qa

between nitromethane34 and N-phosphinoyl imine86 (Schemel 1)."’

I 37 (20 mol%) NO
Me NP2 (vp/k/binaphthol = 1:1:3) 2
“NO, + | AN
Ar” H toluene/THF 7:1 Ar™ "PPhy
(5eq) -40 °C, 3-7 days o
34 36 (R)-38
41-93% yield
69-91% ee

Ar = Ph, LCIGH,, p-tolyl, 2-furyl, 2thiophenyl

Schemell ¢ First enanioselective nitraMannich reactionby Shibasaki

The authors reported the use of heterobimetallic complex containing bogm&ed basic and Lewis

acidic functionalities. They investigated several catalytic systems,diffdrent metals and various

% Qian, C.; Gao, F.; ChéhTetrahedron Letter@001, 42, 4673.
Yamada, K.; Harwood, S. J.; Groger, H.; Shibasakidelv. Chem. Int. EA.999 38, 3504.

31
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stoichiometric ratios, and they found th#éte complex [YbK(bindghoxide)] 37 (Figurel), prepared
from a mixture of Yb(Br), KOtBu andR)-binaphtol in a 11:3 ratio, was the best heterobimetallic

catalyst for the reaction.

37

Figurel ¢ Heterobimetallic complex (Yb/KR)-naphthol 1/1/3) 37

The scope of the reaction was limited to the reaction of arombkighosphinoyl imines36 with
nitromethane34 but the products38 were isolated in moderate to excellent yisl1% to 93%) and

with good to excellent enantioselectivity (69% to 91% ee). Unfortunately, other nitroalkanes, such as
nitroethane, failed toreact under the reaction conditions. In addition, the reaction required long
reaction times (3 to 7 days) at agenic temperaturesand with slowaddition of nitromethane 34

over 27 hours.

In an extension of this work, Shibasaki anehawkers published in 2001 the first diastereoselective
catalytic asymmetric nitrdannich reaction with nitroalkane89 and N-phosphinoyl imines 36
(Scheme12).'® The reaction was catalysed by-lAJ(R)-binaphtoxidel, (ALB) K@Bu complex a

heterobimetallic asymmetric complex containing both Brgnsted acid and Lewis acidic functionalities.

Yamada, K.; Moll, G.; Shibasaki Syinlett2001, 980.
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o]
gph (R)-ALB-KO-'Bu (1:0.9) _PPh, 1) Sm/ ICH,CHyl

PN N2 (10 or 20 mol%) HN THF / MeOH NH,
o M A _r 1k

Ar” H DCM, -40 °C, 48 h ArtY 2) 1.5M HCI/ MeOH, RT  Ar™ ™
NO, than NaOH NH,

39 36 40 a1
69-98% yield 66% yield
3:1to6:1dr

60-83% ee

Li
O'/ (0]
AL~
OO o OO

(R)-ALB

R = Me, Et, (GHOBN; Ar = Ph,-@+GH,, 4MeO-GiH,.

Schemel2 ¢ First diastereoselective catalytic asymetric nitro-Mannich reaction

The anti nitro-Mannich products40 were obtained in moderate to very good ertaselectivities

(60% to 83% ee) and low to moderate diastereoselectivities (3:1 to 6:1 dr). The scope of the reaction
with respect to the nitroalkane39 was extended from the exclusive use of nitrometha3 to
nitroethane and benzyloxy3-nitropropane.However, the scope of the reaction with respect to the

imine was still limited to aromatic iminés.

In 2001, Jgrgensen and-amrkers published the first catalytic nitddannich reaction that was both
highlyanti diastereoselective and enantioselectiVeThey described the reaction of silylnitronat
and PMPprotected iminoester43 in the presence of 20 mol% of various coppé&oxazoline

catalysts $cheméel ).

9 Knudsen, K. R.; Risgaard, T.; Nishiwaki, N.; Gothelf, K.génskar, K. Al. Am. Chem. S&001, 123, 5843.
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o Box-catalysts 44

.OSiM .PMP 9 _PMP
O‘N OSiMe; (20 mol%) HN

|9 + | 1
R1)\H EtO,C~ 'H CuX, 45, THF, -100 °C R\;/kcozEt
NO,

42 43 46
67-94% yield
5:1t0 39:1dr

83-98% ee

R'= Me, Et, pentyl, B

07><(O o 0O 45a Cu(1)CIO,
Ph wPh
&/ \J\ Vﬂj 45b Cu(1)PFg
N N A N /2 P
ol MK, B PR MX, Pnh
44a

45¢ Cu(1)(SbFg),

44b

Schemel3 ¢ Asymmetric nitroMannich reaction between silylnitronates 42 and imine 43

The use of silylnitronate42 avoided the need for a base aruhti | -nitro-h -aminoesters46 were
synthesised in very good diastereomeric ratios (up to 39:1) and excellent enantioselectivities (up to
97% ee). The scope of the reaction was also much wider than previous works.

The same year, the Danish group also presetitedreaction of nitroalkaned7 with iminoester43
catalysed by bisoxazoline ligartla (20 mol%) and copper (Il) triflatd8 in the presence of

triethylamine Schemetl4).2°

o} o}
W><WJ
N /N P
Pl WX By

_PMP 44a (20 mol%) hn-PMP

N
RTNO A R1\)\CO Et
EtO,C” "H Cu(OTf), 48, Et;N H 2
CH,Cl,, RT 0r 0°C NO,
a7 43 49
50-81% yield
1:1to 20:1 dr
74-99% ee

R'=H, Me, Et, pentylPh,Bn.

Schemel4 ¢ Asymmetric nitroMannich reaction between nitroalkanes 4and imine 43
The S OlA2y O2yRAUAZ2Y A I NBitroN-aAnfinBeSter349 weie foimgdSin RS & A NX
moderate to good diastereomeric tias ranging from 1:1 to 12: andin excellent enantiomeric

excesses up to 98. It is noteworthy that imine 43 seems particularly well aiched for

enantioselective nitréMannich reactions.

? Nishiwaki, N.; Knudsen, K. R.; Gothelf, K. V.; Jargenserngetv. Chem. Int. EB001, 40, 2992
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In 2005, ' yYRSNE 2y Qa 3INRdzZLJ NB LR NI SR i ennigh Saaction:Radl y OS Y
diastereoselective method and an asymmetric one. In the first afidlegy describe the reaction of
heteroaromatic or aliphatico-methoxybenzyl protected imine€s0 with lithium nitropropanate51 in
the presence of catalytic acetic acid (method A) or with trimethylsilyl nitropropaBatmatalysed by

Lewis acid Sc(OTfCu(OTHor Ti(OPr) (method B) to fornanti i -nitroamines52 (Schemel5).

ol
N__©
LiO (@)
OMB. NO. 51 OMB..
NH N2 Meo/gj (14eq) NH
Et ~__Et
R )\I/ AcOH cat AcOH R /\I/
N Et
NO, )|\ or W NO,
RO H N o
Me;Si0O™ ~O .
syn-52 50 31 anti-52
41% yield 60-95% yield
(1.1eq) 2:1t0 19:1 dr
Cu(lly, Sc(llly or
Ti(V) cat

R= Phn-hexyl, 2furyl, 2—thiophenyl,n-(l\l—methyl)pyrrole,iPr, Me

Schemel5 ¢ Synthesisof synand antii -nitroamines52
Both methodsprovided the productanti-52 in excellent yields (85% in average) ananoderate to
good diasteeoselectivity (1:1 to 19:1 dr), buhethod A generally provided the highest degree of
diastereocontrol. Theproducts of theSmj} reduction of 52 to the correponding diames were
subsequentlyreacted with phosgene to forntyclic urea, and the OMB protecting group was
successfully cleaved in refluxing neat TFA. In addition, they showethéhagaction of imines0with
acetic acid in neat nitropropane allowdite selective synthesis siyn52.
In the second article, Andersogt al. presented a general andfficient catalytic asymmetriqitro-
Mannich reaction for the synthesis ainti i -nitroamines 55 (Scheme 16).?> The addition of
trimethylsilyl nitropropanate31 to alkyl, aryl and heterocyclic PM#Potected imines53 was
catalysed by the chirdBu-BOX Cu(llfomplex54. The reaction is broad in scope and uses low
catalyst loading. The desired produ&s were isolated in excellentields (86% in average) with low
to very good diastereomeric ratio (1:1 to1%:1) and good to excellent enantiomeric excess (70% to

94%).

L Anderson, J. C.; Blake, A. J.; Howell, G. P.; WilsdnQ@y. Chen2005 70, 549.
2 Anderson, JC.;Howell, G. PLawrence, G. PWilson, CJ. Org. Chen2005, 70, 5665.
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oj><(o
] \J

N_ N—

i PMP.
PMP @o\ﬁ,oms

. ©oth, /\ NH
| + | 54 (10 mol%) R
)y I L

THF, -30 °C, 40 h
53 31 anti-55
79-91% yield
1:1to>15:1dr
70-94% ee

R= Phn-pentyl, c-hexyl, 2furyl, 2CNGH,, 4CNGH, 2, 2CIGH,, 4-CIGH,

Sheme16 ¢ Enantioselective synthesis @hti-55 bearing alkyl, aryl and heteroaromatic substituents

The same year, Jgrgensen andwawrkers reported a novel nitrdlannich methodology to form
quaternary stereacenters (Scheme17).% 2-Nitropropanoic acid'butyl ester 56 was reacted with
PMP-protected iminoester43 in the presence of cinchona alkalo&¥ and chiral BOX Lewis acid
complex44a With as little as 5 mol% afatalyst57, the desir@ product58 was isolated in a very
good yield (85%)with a very good diastereomeric ratio (14:1) and an excellent enantiomeciessx
(98%). However, the scopé the reaction wagimited to the sole example of the reactidretween

iminoester43 and nitropropanoic acidb6.

44a (20 mol%) O,N,  Me
N NO, “ 3 coet
)|\ + 57 (5 mol%) BUO,C” 2
EtO0,C”~ "H Me” ~CO,'Bu :
CH,Cl,, RT, 48 h HN.o\p
43 56 58, 85% yield
% 14:1 dr, 98% ee
N

N_ N~

Ph /\CU\ Ph N

TfO OTf
44a

Schemel7 ¢ Formation of optically active quaternary centres in nitfelannich reactions

Palomoet al. described in 2006 thenantioselectivenitro-Mannich reaction between Begarotected
aryl imines59 and nitromethane34 catalyzed by Zn(OEfp o £z 0 X | NYA3IQ&)Nel 4SS oc
methylephedrine {)-NME, 45%) Scheme18).** The reaction tolerates aromatic imines bearing

electron rich, electromeutral andelectronpoor substituents and the desike -nitroamines60 were

ZKnudsen, K. R.; Jgrgensen, KO®y. BiomolChem 2005, 3, 1362.
*palomo, C.; Oiarbide, M4alder, R.; Laso, A.; LopezARgew.Chem. Int. E®006 45, 117,
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isolated ingood to excellent yields (68% to @2 and excellent enantiomeric excess (92% ee in

average).
Zn(OTf),
N,Boc 'ProEtN, 4A MS HN,Boc
+ -20°C, 15-20 h
/m CH3-N02 Al /k/NOZ
Ar H OH r
59 34 60
i 68-92% yield
N 74-98% ee
(-)-NME

Ar= Ph, Inaphthy| 2-naphthyl 2-Me-GH,, 4-Me-GH,, 3MeO-GH,, 4MeO-GH,, 4-CEHGH,,
4-R,GGH,, 3-NO»-GeH,, 4NO,-GeH;, 3,5Ch, 4MeO-GiH,.

Schemel8 ¢ Enantioselective nitreMannich reaction catalysed by Zn(O7§nd NME

The reaction was found to be sensitive taisture and protic contaminants, and thereforestuse of

molecular sieves in the reaction was found to be cruciathe enantioselectivity.

In 2007, Troset al. publishedthe first enantioselective nitr@ I Yy A OK  NXB luiiddturaedy 2 F h 3
imines catalysed by the dinuclear zinc cataB&(Schemel9).” The reactionscope was/ery broad

and tolerated \ariousimines61 bearing aromatic and alkyl 6ua ( A (G dzSy (i & -uhsaturage@ t f | &
ones. The desired produc&3 were formed in moderate yields (56% in averpbat with very good

to excellent enantiomeric excess (75% to 99%).

62 /CO R2
\-COR? HN 2
)& *  CH3NO, Me RJVNOz
1
R H THF, -20°C to RT, 14 h
61 34 63
44-82% yield
2:1to 3:1dr
75-99% ee

R1=‘Butyl, TBSOGKCH),G, Ph, 2furan, 2thiophene, 2Me-GH,, 4-Me-GH,, 4-MeO-GH,, PhCH=CH;
Re="Butyl, Bn, Me

Schemel9 ¢ Enantioselective nitreMannich reaction catalysed bglinuclear zinc catalyst 62

The same year, Feng andworkersfound that the nitraMannich reaction betweem-tosyl imines
64 and nitromethane34 could be catalyzed bthe complexformed betweenN,N-dioxide 65 and
copper(l) triflate Scheme 20)*® The scope of the reaction was probed with aromatic and

heteroaromatt imines 64 bearing electrondonating, electroawithdrawing and electromeutral

*Trost, B. M Lupton, D. WOrg. Lett2007, 9, 2023.
% Zhou, H.; Peng, D.; Qin, Bau, Z.; Liu, X.; Feng,X.OrgChem2007, 72, 10302
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2d20 4G AGd2Syia | NRdzy R (0 ifoanNdesba were fokrBd iDexdeleRt §itlde v RA v 3

(83% in averagegnd with excellent enantioselectiviti€89% in average).

X Ts
. * CHyNO, r2NEt (5 mol%) rNO2
RO H THF, 4A MS, -45 °C
64 34 66

63-99% yield

O OY 84-93% ee
O\\‘\‘ o
406 20N i

65
R = Ph, -haphthyl 2-naphthyl 4-Me-GH,, 3-Me-GH,, 2-Me-CH,, 4MeO-GH,, 2-furyl, 4CFGH,,
Scheme20 ¢ Enantioselective nitreMannich reaction catalysed biX,N-dioxide 65
In addition, the folloving year, they extended the use NfN-dioxide 65 and they reported the first
enantioselective nitreMannich reaction of ketoimine$7 G 2 T 2nNdamiries 68 bearing a
quaternary center $cheme21).?’ The desired product68 were isolated in moderate yield (45% in
average) but excellent enantiomeric excess (88% in average). In addition the scope of the reaction

was broad and even includeide imine of adialkyl ketone.

_Ts G;CIL\‘I(E') (20 m‘l’o'%) HNTS
t .
| *  CHsNO, r2NE (5 mol%) R1’{\/N02
R1 R2 RZ
PhOE, 4A MS, 0 °C
67 34 68

O 21-70% yield
Oy N o 71-96% ee
NN
46 20N i

65

R= Ph, 2naphthyl 2-furyl, 2thienyl, cyclohexyl, Ph(GH 2-FGH,, 4FGH,, 4-CHGH,, 3-CHGH,, 4-Br-GsH,,
4-Me-GHy, 4-MeO-GgHy, 2-MeO-CeH,, 3MeO-CGiH,; R = Me, Et

Scheme21 ¢ First enantioselective nitreMannich reaction of ketoimines 67
LY wHwHnntX {KAOGL ALl { A Qasyndeh@ivezldsyidetit? nitidariich (réa&ion ¥ A N& (
(Scheme22).?® A heteobimetallic Cu/Sm/Schiff base (1:1:1) complxwas shown to catalyse the

addition of nitroalkanes’0 to N-Boc-protected imines69 in good to excellent yield (62% to 99%),

' Tan, C.Liu, X.; Wang, L.; Wang, J.; Fen@r¥. Lett2008, 10, 5305
2 a) For the communicatiodanda, S.; Gnanadkan, V.; Matsunaga, S.; ShibasakiJVMAmM. Chem. Sd007, 129, 4900.
b) For the full paperdanda, S.; Gnanadesikan, V.; Matsunaga, S.; ShibasdkiAM. Chem. S&01Q 132, 4925
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excellent enantiomeric excess (93% in average) and very high diastereosel¢et®itl). Both Cu

and Sm metal proved to be crucialitopart highsynselectivity.
Boc

\Cu/

/ \

\ /

m
HN”

n-BeC (2.5-10 mol°/

27N o 2
J|\ + R N02 R1J\rR
1

H 4-'Bu-phenol 72 (10 mol%) NO,
THF, -40 °C
69 70 73
62-99% yield
dr >20:1
83-97% ee

R' = Ph, 2hienyl,"butyl, 'butyl, 4Me-CsH,, 4-MeO-CsH,, 4-CHCsHa, 4FCeHa;
R = Me, Et"propyl, Bn

Scheme22 ¢ Firstsyn selective asymmetrinitro-Mannich reaction

In 2008, they showed the utility of the homodinucleas-Bhiff base76 in the catalytic asymmetric
nitro-Mannich reaction ofbutylnitroacetates75 and N-Boc imines74 (Scheme23).% h-Quaternary
anti-h -nitro- -amino esters/7 were obtained in good to excellent yield (67% to 96%), very gotel
diastereoselectivity (10:1 in average) and excellent enantioselectiving92d ee). In addition, this

newly developed catalyst is bench skaland the scope of the reaction was quite broad.

Boc " .
| o, CO,'Bu R CO,Bu
R H R 76 (5 mol%) g2 ‘//NO
NO, 2
74 75 THF,:t A MS, 77
-40t0 0 °C, 12-36 h 67-96% yield
10:1 dr
91-99% ee

R' = Ph, 2naphthyl, 2furyl, 4Me-CsH,, 3Me-CsH,, 4-MeO-CsH,, 4-CHGHy, GHCHCH;
R = Me, Et.

Scheme&23¢ Enantioselective nitreMannich reation between N-Bocimines 74and nitroacetates b

#Chen, Z.; Morimoto, H.; Matsunaga, Shibasaki, MJ. Am. ChenSoc2008, 130, 2170
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In 2010, Shibasaki and-@@rkers reported a catalytic asymmetric nithddannich reaction with Yb/K
heterobimetallic catalyst betweemN-Bocimines 78 and nitroethane 79 (Scheme24)® ¢ K & |
nitroamines 81 were isolated in very good vyields (77% in average) with low to exceHetit

diastereoselectivity (2.4:1 to 22:1 dr) and low to very good enantiomeric excess (14% to 86%).

o o) H OH
H
(6]
F F B
un-BoC

_Boc N”
. \
JNI\ + no, 80 (20 mol%) .
R “H i
Yb(O'Pr); (10 mol%) NO,
KHMDS (20 mol%)
8 [ THF, -60 °C 81

71-87% yield
2.4:1t022:1dr
14-86% yield

R'= Ph, 2naphthyl, 4Me-GgH,, 3-Me-GgHy, 4-MeO-CgHy, 4-CHCGeH, 4-RG-CoHs;
Scheme24 ¢ Enantioselective nitreMannich reaction with Yb/K heterobimetallic catalyst
More recently, Andersoret al. reported an enantioselective nitrMannich reaction between
aromatic nitroalkenes82 and aN-PMRimine 86 (1 2 T shiNdémiries87 with three contiguous
stereocenters $cheme25) 3! First, a 1,4addition of dialkylzinto aromatic nitroalkene$2, catalysed
by known coppexchiral ligand catalyst83 and 84, led to intermediates 85 which, upon treatment
with N-PMRimines 86 in the presence of TFA af8 °C provided the desired produc®y. Very
interestingly, the selective formation of theynanti or of the synsyn diastiereoisomers87 was
controlled by the choice of solvent. This wavias particularly important as it represents one of the
few examples of synselective nitreMannich reaction. The desired prods@®7 were obtained in

moderate to good yields (59% to 75%) and very good to excellent enantiomeric excess (85% to 96%).

¥ Nitabaru, T.; Kumagai, N.; ShibasakiMélecules201Q 15, 1280.
31Anderson, J. C.; Stepney, G. J.; Mills, M. R.; Horsfall, L. R.; Blake, A. J.; Ue®isgy.\€hen2011, 76, 1961.
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N,PMP
1 S] PMP PMP

R'zn § RZJ\HSG R' HN R' HN

Ar/\/NO2 - Ar/'w Ar SR O A R?
CuL* cat NO solvent
L=83 or 84 2 NO, NO,
82 85 syn,anti-87 syn,syn-87

major in THF major in
59-73% yield Et,O or PhMe
85-95% ee 62-75% yield

85-96% ee

Me’“Q By |, O

Rb Me Q?\NJ}(N%NEQ
@[P Me pPn, © \©\
Me’/\j OBn

83 84

Ar = Ph, Zuryl, 2thienyl, 4Me-CH,, 4-MeO-GH,, 4-NO»-CeH,, 2-FGCGH,, 2-MeO-GHy;.
R' = Me, EtR = Ph, 2uryl, 2thienyl, 4Me-CgH,, 4-CHCsH,, n-Pn, CGEt

Scheme25 ¢ Solvent controlled formaton of anti- and synd -nitroamines87

In conclusion, various organometallic catalysts have been developed and used in thilamnech
reaction to achieve high degrees of diastereand enantiocontrol. Other methodologies using

organocatalysts have also been developed argythre the focus of the following section.

1.1.3 Stereoselective nitro-Mannich reaction using
organocatalysts®

In the past years, we have withessed a growing interest for organocatalysis as organocatalysts are
generally cheaper, more stable and less toxic tbaganometallics compounds$n other words and

more practically, they are nice and easy to use smgrepare andhey do not require to be handled

in a glove boxin this respect, the nitrdannich reaction was considered a perfect model system to

test the efficiency of new organocatalysts.

The first enantioselective nitrfMannich reactions using organocatalystswere reported
independently by Takemoto and Johnston in 2004 using different organocatalysts. Takemote and co
workers described the enantioseléet reaction of nitromethane 34 with aromatic N-

phosphinoylimines88 catalysed by the thiourea derivativ@9 (Sheme 26).%* The scope of the

%Fora reviewMarquéslopez, E.; Merind?; Tejero,T.; Herrera, R. FEur. J. OrgChem 2009, 2401.
¥ 0kino, T.; Nakamura, S.; Furukawa, T.; Takemo@rgy Lett2004 6, 625.
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reaction was limited to aromatic and heteroaromatiephosphinoylimines38 but the desiredi -
nitroamines90 were isolated in moderate to very good vyield (57% to 91%) and moderate to good

enantioselectivities (63% to 76% ee).

AN
HoH oY
FaC NTN :
P(O)Ph \Q S O P(O)Ph
PO T w PP
s A
HsC. “_NO
Ar)\H * PTNO, ArT N
CH,Cly, RT
88 34 90

59-91% yield
63-76% ee

Ar = Ph, Zuryl, 2thienyl, 2pyridyl, Znaphthyl, cinnamyl, Me-GH,, 4-CFGsH,.

Stheme 26 ¢ First organocatalytic enantioselective nitrMannich reaction by Takemoto

The catalyst utilised by Johnstat al. allowed the enantioselective reaction of aromatitBoc

imines 91 and nitroalkane92 catalysed by the bisaidine ligand93 with a higher degree of
enantiocontrol Scheme27).* The desiredanti-i -nitroamines94 were obtained in moderate to good
yields (51% to 69%), very good to excellenti-diastereoselectivity (7:1 to 19:1 dr) and moderate to
excellent enantiomeric excess (59% to 95%). However the scope of the reaction was fairly limited and

was restricted to aromatic groups bearing electron withdrawing substituents.

HQH
HN N'H
\
7 N N Y
Nl,BOC o HN/BOC
A * RNO, Ar)\_/R

.20 °C NOz
91 92 94
51-69% vyield
7:1t019:1dr
59-95% ee

absolute stereochemsitry
not determined

Ar = Ph, NO-GsHy, 3NO,-CeHy, 4-CRO-GHy, 4CHGH,, R = H, Me.

Scheme27 ¢ First organocatalytic enantioselectiveitno-Mannich reaction by Johnston

By usinga different thiourea derivativd6 G Ky (GKS 2y S dzaSR o6& ¢l 1Sy2i(2

able to increase the yield and the enantioselectivity of the aNtannich reaction between aromatic

* Nugent, B. M.; Yoder, R. A.; Johnston, J. Km. Chem. S®004, 126, 3418
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N-Bocimines95 and nitrcethane 79 (Scheme28).** The desiredanti-i -nitroamines97 were formed
in excellent chemical yield (93% in average), moderate to excedll@itiastereoselectivity (2:1 to
16:1 dr) and excellent enantiomeric excess (95% in aviragaddition the reaction was successfully
performed with 2nitropropane 13, and the newly formed product bearing a quaternary centre was

isolated in excellent yield (87%) and enantiomeric excess (92%).

Bu S
MeZN\[(\N)J\N\‘.
B H H
N oC (0] NHAc HN/BOC
B 96 (10 mol%) 0
+ N -
Arm H NO: IPINE, toluene, 4A MS A
95 79 97
79-99% vyield
2:1to16:1dr

92-97% ee

Ar = Ph, Zuryl, 2-pyridyl, 2naphthyl 4Me-CGH,, 3-Me-CH,, 4-CGH,, 3-CFGH,, 2-CHGH,, 4-Meo-GiH,,

Scheme28 ¢ First organocatalytic enantioselective nitr¥lannich reaction by Takemoto

The first asymmetric nitrdlannich reaction catalysely a phasdransfercatalyst(PTCWwas

NB LJ2 NIi SR 0 &in 2005@t kheyidesariia dzkeaction of nitrometha3with

alkyl ard aryl Boeémines98 (Scheme29).3® Thiswork is particularly valuable dke scope of

the reaction, usually limited to aromatic imines, includedide variety of alkyl imines. The

reaction with Nbenzyl quininium chlorid89LINE @A RS R {1 K S -niD@NNS1AAI2 Y RA Y =
in excellent yield (85% in average) and very good to excellent enantioselectivity (73% to 98%

ee).

*Yoon, TP.; Jacobsen, K. Angew.Chem. Int. E®005 44, 466
3 Fini, F.Syarzani, V.; Pettersen, D.; Herrera, R. P.; Bernardi, L.; Ridkogéw.Chem. Int. EQ2005 44, 7975
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74 )
a4 c®
HO N®
P =
S |
N,BOC HN/Boc
| 99 (10 mol%)
HiC.
R/l\H + 3 NO, R/l\V/NOQ
KOH, toluene, -45 °C
98 34 100
53-98% vyield

73-98% ee

R = Ph, 2uryl, I-naphthyl, 4MeO-GH,, 2-Br-GH,, PhCHCH, Cy,iPr, Et, Me

Scheme29 ¢ First enantioselective nitreMannich reaction catalysed by PTC
In 2008, OA Q& I NP dzLJeffki®rit hifdngtiSrial odgaficatalyst102 that utilised the lowest
catalyst loading reportedo far(1 mol%) for the nitm-Mannich reaction ofN-Bocimines 101 with
'butyl-2-nitropropionate56 (i 2  F itid¥ -amino estersl03bearing a quaternary centré&Stheme
30).*" The diasteeomeric ratio in this reaction wasioderate (2:1 to 5:1), however the efficiency

(95% yield in average) and the degree of enantioselectf9®96 and 90% ee in average for gym

and anti diastereomers respectivelyyere exceptionally high.

N’Boc NO, BocHl;l
- 4
| + 102 (1 mol%) CO,'Bu
R)\H Me/kCogtBu R/>{NO
toluene, 0 °C, 3-15 h Me 2
101 56 103

91-99% vyield
dr 2:1 to 5:1 syn/anti
syn: 97-99% ee
anti: 72-96% ee

R = Ph, 2uryl, 1-naphthyl 4MeO-GH,, 4-CFGH,, 4-Br-GH,s, 4MeOCOGH,, 2-Me-GsH,, PhCHCH,
CH(ChH),

Scheme30 ¢ Ehantioselective nitraMannich reactioncatalysed by bifunctional catalyst 102

Since its early discovery in 18%he nitroMannich reaction hadeceived a shy interest from the
synthetic communityfor the majority of the 28 certury. However, since the late nineties various

methods have been developed with the aim of improving on the efficiency, the stereoselectivity and

3" Uraguchi, D.; Koshimoto, K.; O0iJTAm. Chem. S&008, 130, 10878
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the generality of the nitreMannich reaction Nowadays, there exist a wide variety of catayatd
methods that can be used on various substrates to perform nktannich reaction with high
degrees of both diasteree and enantiocontrol Accordingly,the nitro-Mannichis just starting to be

used in synthesis.

1.1.4 The nitro-Mannich reaction in synthesis

Very few synthees of natural produstor biologically active compounds report the use of a Ritro
Mannich reaction. This is probably due to the fact that the development of efficient and
stereoselective methodologies were lgrreported in the past decade and thidie nitro group is not
available in a lot of commercial compounds.

The first time a nitreMannichreactionwas described in a synthesis it was the result of serendipity.
Indeed, in 1978, Walseret al. reported?® in the work towards the synthesis of
imidazobenzothzepines, the unexpected cyclisation df04 upon treatment with sodium
borohydride Instead, upon reduction dhe nitro alkene tothe corresponding nitraalkane a nitro-

Mannich reaction took place and formed the bridged compo@@8f (Scheme31l).

NaBH,
EtOH/CH,Cl,

RT, 15 min

105
88% yield

Scheme31 ¢ First nitro-Mannich reaction reported in synthesis

In 1993, Desai and emorkers reported the firstsynthesis of a biologically active compound-CP
99,994109via a niro-Mannich reaction as key stefoheme32).* Thetrans 5-nitropiperidin-2-one
ring 106 was efficiently and selectively constructed in one stégpa nitro-Mannich / lactamisation
cascade in 98% yield. Three subsequent stesddt] the synthesis of G#9,994 109in 26% overall

yield.

8 Walser, A.; Benjamin, E.; Flynn, T.; Mason, C.; Schwartz, R.; Fryer].FOllg. Cheni978 43, 936.
¥ Desai, M. C.; Thadio, P. F.; Lefkowitz, Bettahedron Lett1993 34, 5831.
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(0] O
NH,OAc
OMe benzaldehyde HN a HN
O,N >
2 /\/\[g 98% : 58%
NO, NOH
24 106 107
b l 46%
(0]
HN HN
C
-
HN\/Q 96% HNV@
OMe OMe
109 108

CP-99,994
a)i)tBuOKO3, -78 °C; MgS; ii)NHOH.HCI; bi) RaneyNi, H;; i) 2-MeO-benzaldehyde, NaBBN, 4A MS;
iii) SiQ gel column; c)) BMS, THF, reflux; ii)HCI,@&t

Sheme32 ¢ Firstdeliberate nitro-Mannich reaction in synthesis

In 2002, Shibasaki and-wmrkers reported the first synthesis of biologically active compounds based
on an asymmetric nitrdMlannich reaction key step. Inded@+19%41 112 and CP99,994 109 were
both synthesisedn six stepgrom benzaldehydeniine 110 (Schemed3) via an initialenantioselective
nitro-Mannich reaction catalysed by heterobimetallic complexes Yb 37 and ALBKG'Bu
respectivdy.*°

After its formationvia the nitro-Mannich reaction of imine 110 and nitromethane 34> -nitroamine
111 (obtained in>99% ee after recrystallisatiosybsequentlyunderwent a reduction with Raneyi
and a reductive alkylation to construct the pyrrofidi ring of 112. This was followed by the
deprotection of the phosphinoyl group, a methylation and an acylateactionto form 1C4199441
112 in 35%yield overall

{AYAf I NI &3 NBY20JI -hitroagnine 1iXKSlowed. by a SebkPadil dxi@afim, and
spontaneous cyclisation allowed the formation of the piperidine 16f9; subsequently, the
stereocenter was epimerized, the nitro group reduced with Zn,atamisyl group was introduced by
reductive alkylation, and treatment by LiAlldimultaneouslyafforded the deprotection of the
phosphinoyl group and the reduction the enamine moigly?99,994109 was isolated in 13% over

Six steps.

4O Tsuritani, N.: Yamada;lK Yoshikawa, N.; Shibasaki, Ghem. Lett2002 276.
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o 0 cl
Ppp,  CHsNO,34 PPh, m
N 37 (20 mol%) HN a,b,cde cl NH
©)\H toluene/THF (7:1) ©/\/ N
-40°C, 48 h

110 11 12
79% yield IC1-199441
>99% ee 57% yield

a) RaneyNi, B, EtOH, RT, 92%; OHC(CH),CHO, NaB}{N, EtOH, pH 5, 0 °C, 81%1.6M HGEtOH, RT,
98%; d)i) HCQACc, -20 °C, ii)LiAIH, reflux, 90% over 2 steps; é&yCHCOCI, Ci€b, RT, 87%, Ar=3.4
dochlorophenyl.

: : )
n-FPM2  (R)-ALB-KO-Bu (1:0.9) un- PPN © ‘

N f, g, hij i
HN

| (20 mol%) R
H O N~~~ @/\rl/;kOTBS
OTBS NO, HsCO

DCM, -40 °C, 48 h

110 113 109
90% yield CP-99,994
6:1dr, 77% ee 15% y’ield

f) HRpyridine, THF, 0 °C RT, quant.; gPessMartin periodinane, CCh, RT, 4h, 86%; h)) TMSCI, DBU,
CHCb, 0 °C, 1hji) AcOH,-78 °C, 15 min, 83% over 2 stepsZi), NHCI, MeOH/HO, RT, 85%; -
anisaldehyde, NaBgBN, 3A MS, MeOH, RT, 3h, 81%jAlH, THF, RT, 30%.

Scheme33 ¢Enantioselective sythesis of IG1199441 andCR99,994

¢tKS F2fft26Ay3 @SINE wAOOAQ&a 3INRdAzZLI RSAONROSR
nitro-Mannich reactionas a key stepindeed, the reaction of enantiopur-PMRimine 114 and
trimethylsilyl nitropropanoate 115 was catalysed by Sc(O;fp form 116 in 66% vyield after
subsequent reduction of the nitro grous¢heme34). The diastereocontrol wgsoor (1.5:1 dr) but
the separation of theanti,synmajor andanti,anti-minor diasteeoisomers was afforded by column

chromatography.

N
' y 1) Sc(OTf)3 (5 mol%) ;
MeCN, 0 °C
N + N_ NH,
o 2) NaBH,, NiCl,.6H,0
N o i
Me,SiO™ 0 MeOH, 0 °C, 30 min
S 3) Chromatography

114 115 116
66% yield, dr 1.5:1

Scheme34 ¢ Enantioselective synthesis of HIV protease inhibitors

In 2009, Dixoret al. published the total synthesis of nakadomariri20 featuringa nitro-Mannich /
lactamisation cascade as one of the key st&fcheme35).* Indeed the sixnembered ring of the

spiro intermediatel19 was synthesised from the reaction of nitadkane117 with formaldehyde9

“1 Jakube, P; Cockfield, D. M.; Dixon, DJJAm. ChenSoc2009 131,16632.

.
(s
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and 6aminohexl-ene 118in refluxing methanol in 68% yield@he total synthesis of Nakadomarin A

120was completed in 12 steps (longest linear sequence).

J\ MeOH, reflux, 4 h

68%

Scheme35 ¢ Nitro-Mannich / lactamisation cascade in the tal synthesis of Nakadomarin A

More recently, Kumaraswany et al. reported the synthesis-@f-£33,061124 and (2S,3Rnethy}3-
aminopiperidine2-carboxylatel27 via a catalytic enantioselective nitrMannich reaction which, in
one step, established thelesired stereocenters with high degreef selectivity(Scheme36).*? The

rest of the synthesisequiredan additional 7 steps in both cases.

NHBoc CF,4

@sﬁo 99 NHBoc 7 steps
~0 o
OTBS (15 mol /0) N02 -
© "N ° CF

3

—
CsOH H,0 —_— (\/E
oTBS

toluene N Ph
Me -55°C, 44 h H
121 122 y 123 124
H cl®
HO N®
“x b
|
N
99 (10 mol%)
NHBoc 7 st
steps
0o Q 9 NHBoc P NH,
\ S<o (15 mol%) o NO, — (I
otBs ———————— —
+ NN
O,N CsOHH,0 & | T N COMe
toluene OoTBS H
-55°C, 44 h
125 122 126 127

_O

74
H/Zj ci®
o N®
C] b
SN
)

H
99 (10 mol%

Scheme36¢ Synthesis of 4(-)-733,061 and (2S,3Ryethyl-3-aminopiperidine-2-carboxylate

42 Kumaraswany, G.; Pitchaiah,TRetrahedror2011, 67, 2536.
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.2  The synthesis of pyrrolidif2-ones

Pyrrolidine and pyrrolidinone rings are common motifs found in many biologically active natural
products and drug® ** 4> %6 47 41 The structures of these compounds range from relatively simple
monocyclic pyrrolidinone, such as Dysiamid&28, to architecturally complex polycyclic ring system,

suchas the one found in the alkaloid nakadomarid29 (Figure2).

HN MeO.
H N
Ny OH N l N
Y vy, MeO
ce O \/\) HO °
Dysiamide G*3 Lepadiformine** Crispin A% Ipaldibine*® Doxapram®*’ Nakadomarin A%!
128 129 130 131 132 120

Figure2 ¢ Pyrrolidine and pyrrolidin2-one heterocycles in biologically active natural prodts and drugs

The abundance of the pyrrolidi2-one motif in desirable targets has led to considerable interest
from the synthetic commuity and various methodologies exist for theynthesis. However, to the
best of our knowledge, there are no generaéthod that can routially be employed to amss a
wide variety of pyrrolidir2-ones bearing different substituents around the rifian illustrate this, we
will presenta selection oBome of the most generaixamples of pyrrolidin2-ones synthesis

In 1947, Franck, Schmitz and Zeidman reported the synthesis -@firhghyl-2-pyrrolidinone136 on

a 200 g scale starting from levulinic acl®3 (Scheme37).® Imine 134, formed from the
condensation of ketond 30 and methylamine, wa subsequently reduced by Raneigkel to afford
amine 135. Spontaneous lactamisation afforded dibnethyt2-pyrrolidinone136in 75% yield after

purification by distillation.

a3 (a) Carmely, S.; Gebreyesus, T.; Kashman, Y.; Skelton, B. W.; white, A. H.; YasefJTChenl1990Q 43, 1881.(b)
Sauleau, P.; Retailleau, P.; Vacelet, J.; Bouigaetiracki, ML. Tetrahedror2005 61, 955.

“*|solation: Rainey, D. P.; Smalley, E. B.; Crump, M. H.; Strong\&u 1965 205, 203.

8 |solation: Issa, H. H.; Tanaka, J.; Rachmat, R.; Setiawa@naAto, A.; Higa, Marine Drug2005 3, 78.

8 |solation : Courley, J. M.; Heacock, R. A; Mclnnes, A. G.; Nikolin, B.; SmitthemGCommuri969

709.

4 (a) Robson, R. H.; Prescott, LBF.J. ClinPharmacal 1979 7, 81. (b) AnorFederal Drg Reister

1975 40, 17838. (c) Ward, J. W.; Gilbert, D. L.; Franko, B. V.; Woodard, G.; Maniiogdcdlogy and

applied Pharmacology968 13, 242.

*8Frank, R. L.; Schmitz, W. Bigman, BOrg. Syn. Coll. Ca947, 3, 328
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't NN HN
aq. NH,CH, " NHyCHs|  H,, Ra-Ni NH3CHs N
_ [—
Me)l\/\COZH _— Me)\ACOZ' i Me)\/\CO2
70-140 Bar
140 °C
133 134 135 136

75% yield

Scheme37 ¢ Synthess of 1,5-dimethyl-2-pyrrolidinone 136

In 1952, Moffett described the mulgram synthesis of 5:8imethyl2-pyrrolidinone 139 starting
FNRY Y-8iétHglé-hitrovalerate137(Scheme38).** Amine138 formed from the reduction with
Raneynickel of the nitro group ofl37, was cyclised in hot ethanol to afford EjBnethyl2-

pyrrolidinonel39in 88-96% yield after purification by distillation.

o) _ o 2
M H,, Ra(Ni) J\)( EtOH, 55 °C HN
MeO NO, ™™ MeO NHy — =
70 Bar
55°C
137 138 139

88-96% vyield

Scheme38 ¢ Synthesis 0b,5-dimethyl-2-pyrrolidinone 146

Theseearly developments, allowed the efficient synthesis of pyrreflidines butthe scope of the
reaction wadimited.

Fowler and caworkers reported the synthesisf 1,5disubstitutedpyrrolidin2-ones142 via the flash
vacuumthermolysis(FVT)of hydroxamic acid derivates 140to form N-acyl iminesl4l which can
subsequently undergo an intramolecular ene reactiBoiemes9).>° The approach is mechanistically
interesting and original but the desirgatoducts142 were formed in low to moderate yields (9% to

40%).

9 Moffett, R.B.Org. SynColl. Col1952, 32, 49.
% Lin, d..; Koch, K.; Fowler, F. \).Org. Chen1986, 51, 167.



27/283

R’ =
| R’
2
rR FVT
N > 2 - . N
“CO,Et Ny R Re

o} o)

140 141 142

EtO,C
N— N N—
CO,Et
o o) o
142a 142b 142¢
40% yield 9% yield 25% yield

Scheme39 ¢ Synthesis ofl,5-disubgitutedpyrrolidin-2-ones by FVT

In 2003, Feringa and Minaanublishedan improved method with rgsect to the yield 6 the
synthesis of pyrrolidit2-onesvia a tandem Heck / allylic substitution reactioBoheme40).>* The
NBI OGA2Yy Nfosylaminesl43 antl yidyl@ bromided44 was catalysed by palladium to

form the orrespondig 1,5disubstitutedpyrrolidin2-ones145in moderate to very good yields (53%

to 92%).
; Pd(OAc),, P(o-tol); y
o} R NayCO5 n-BuyNCl RO Ts
NL + R2ﬁ)\Br RS AN
~ “NHTs 14 CH,CN 1 o
143 144 145
Ts Ts s s
N N N N
145a 145b 145¢ 145d
82% yield 77% yield 53% yield 55% yield

Schemed0 ¢ Synthesis ofl,5-disubgitutedpyrrolidin-2-onesvia a tandem Heck / allylic substitutio reaction

Iy AYLINRGSR YSiK2R2f23&3x Ay GSNyxya 2F ao02bks
They described the copper () chloride catalysed cyclisation of unsaturatddohamidesl47 to
form the corresponding pyrroldig-ones148substiuted in various positionsSchemetl). The 1,3,5

trisubstituted pyrrolidinones148 were obtained in good to excellent yield (63% to 96%).

* pinho, P.; Minaard, A. J.; Feringa, Brg. Lett2003 5, 259.
*23chulteWiilwer, I. A.; Helaja, J.; Gottlich,$ynthesis2003 12, 1886
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RS R4 O R5 R4 fe) Cl ,R1
& R! BuLi, -78 °C . R CuCl (10 mol%) N
N” N” o
3 2 | 3 )
RORH then NCS R R? ¢l MeOH, 60 °C R® 2
R4 R3
146 147
T B ¢ Bu T b B \L }/Q
N N N :
T e e e e
148a 148b 148c 148d 148e 148f
96% yield 91% yield 75% yield 70% yield 79% yield 63% yield
4:1dr 2:1dr 2:1dr

Schemedl ¢ Synthesis ofl,3,5trisubstitutedpyrrolidin-2-ones

In 2005, Let al.reported an intramolecular cyclisation reaction of amidyl radicals generated ftom
acytriazenes to access pyrrolidiiones 150 (Scheme42).>® They also found that the terminal
substitution at the C=C double bond resulted in the formation loé fused polycyclic pyrrolidig-

ones151 andthat the degree of substitution had a strong influence thie chemoselectivityof the

reaction.
o}
R? NLAr R P
-2 Toluene 3
R® N R N-Ar
Ar
reflux 6 h
| R!
R2OR! R2
149 150 151
0 o} o} 0 o} o}
iéN—Ph N-Ph N-Ph N: C EEN\Ph %
150a 150b 150c 151c 150d 151d
78%yield  67% yield 35%yield  29% yield 20% vield 65% yield

Schemed?2 ¢ Synthesis opyrrolidin-2-ones 150and fused polycyclic pyrrolidis?-ones 158

More recently, Chet alRS @St 2 LJILIJSR | KA3IKf& STFFAOASYyd a2t R Ol
ketoamides to unactivated alkenes moieties B2 for the synthesis of pyrrolidi2-ones 153
(Scheme43).> The scope of the reaction was broad and allowadous substitution patterns at the

1, 3, 4 and 5 positiond%3a, 153b, 153c and 153f) and even enabled the synthesis of spiro products

3Ly, H.; Li, Tetrahedron Letters200546, 5983.
%4 Zhou, GY.: Che, @\. J. Am. ChenSoc2007, 129, 5828
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(153d and 153e). The reactiorwasextremely efficient: pyrrolidinone$53 were isolated in excellent

yield (98% in avage) with only 5% catalyst loading.

o o o o o o o o o o o o
Bn A we S e S Bn\N% Bn. Bn. A
I

VN A

152a 152b 152¢ 152d 152e 152f

Au[P('Bu),(o-biphenyl)]CI/AgOTF (5 mol%)

50°C,5h
5 0 0 5 0 5 00 5 00 5 0
n Me n n n n
A 4 < Ph Me ~
Me Me Me Me Me Me
153a 153b 153c 153d 153e 153f
99% yield 94% yield 99% yield 99% yield 99% yield 99% yield
3:1dr 3:1dr 4:1dr

Schemed3 ¢ Synthesis opyrrolidin-2-ones 53

In this DPhil workwe proposed to developew onepot cascade reaction involving a nithdannich
reaction in @der to easily access Hily substituted heteocycles containing a nitrogen atom; and we

will mainly focuse on pyrrolidig-ones.



CHAPTER-Bynthesis of 18lisubstituted4-nitropyrrolidinones via a nitrdvlannich / lactamisation cascade  30/283

CHAPTER 1

Synthess of 1,5-Disubstituted-4-nitropyrrolidinones
via

a Nitro -Mannich / Lactamisation Cascade
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1.1 Context

A reaction cascade, involving an initial nitviannich readbn between a nitroalkane and amine

(cyclic or acyclic formeith situ or otherwise), followedby an irreversibldactamisation was first
NEBLR2NISR Ay GKS tAGSNIY GdzNB A y° etinKadd Jmitpet alBattt Ay RS L
reseach groupsdescribed the reatn between methyl 4nitrobutanoate 24, an aromatic aldehyde

and ammonium adate to form the correspondingrans piperidinone25 (Schemet4).

o}

R
I H
OZNMO/

B

AcONH4/AcOH

24
R= Me, OMe, Cl, N(Mg)CN, N@ Br

Schemed4 - First syntheses of piperidinoneia a nitro-Mannich / lactamisation cascade

In both publications, the scope of the reactisras narrowand included only a small number of
substituted aromatic aldehydes.
Twenty years later, Desat a. studied this reaction further, as they found it suitable for exploring
the structure activity relationship (SAR) of a highly potent substance P antagor@&t, @109’
HN
'S
109

Figure3 - CP-99,994

A library oftrans piperidinonesl® was synthesizettom methyl 4nitrobutanoate 24(Schemet5) in
good to excellent yields (67% to 98%ind it appeared that the reaction was facile, general and
tolerated a wide variety of aldehydes, such as aromatic, heteroaromatic, aljcgnticconjugated

examples.

*®* Muhlstadt, M.; Schulze, B. F. Prakt. Cherh975 919.
* Bhagwatheeswaran, H.; Gaur, S. P.; Jain, ®r@hesid4 976 615.
" Desai, M. C.; Thadio, P. Eefkowitz, S. [Tetrahedron Lett1993 34, 5831.
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o)
o)
° RJ\ H
ACONH,/AcOH HN
oN _~ - -
NO,
24 154

R= Ph, yclohexyl butyl, 2furyl, 2thiophenyl, 3pyridyl.
Schemed5 - Synthesis of piperidinons 4
In 2007, Xwand ceworkerspublished a similar reaction cascade starting from enantiomericallg p
nitroalkanes 155. A small range of nitroalkand$5 bearing different aromatic groups, obtained in
one step from an enantioselective Michael addition of malonates to nitrostyrenes, were treated with
formaldehyde and allylamine iiso-propanol at55 T (Scheme46). The corresponding piperidinone

156were formed in moderate to good yields (62% to 81% y&ld).

1) allyl amine (1.3 eq.) o
OaN formaldehyde (1.1 eq.)
: IPrOH-water N
COZMG
Ar ",

CO,Me 2)NaOH (1.5 eq.) o Ar
3) HCI (5.0 eq.) 2

155 156

Ar = 4FCGH,, Ph, 4CIGH,, 4Me-CGH,, 3-pyridine, 4MeO-GH,

Schemed6 - Synthesis oN-substituted piperidinonel56 via a nitro-Mannich / lactamisationcascade
Upon decarboxylation, the major diastereoisomer isolated wasdisésomer. The Xu group also
found that under acidic epimerisation conditions, tlés diastereoisomer could be formed with
excellent diastereocontrol (dr 32) and upon exposure to weak basethe thermodynamically
favored trans isomer could be isolated with a modge diastereomeric ratioof 15. Finally, the
selective preparation of thdrans diastereoisomer was performetdia a dynamic crystallization
driven process in 76% yield and 98% purity (by HPLC).
In the Dixon group, a first nitrMannich / lactamisation cascade was employed in the

enantioselective formal synthesis of (3S,-pRjoxetine 157 (Figure4).>®

% Xu, F.; Corley, E.; Murry, J. A.; Tschaen, Driyl.Lett2007, 9, 2669.
*®Hynes, P. S.; Stupple, P. A.; Dixon, Orgl.Lett2008 10,1389.
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157
Figure4 - (3S, 4Rparoxetine 7

The enantioenriched Michael addud60 was reacted with benzylamine and formaldehyflgin
boiling methanol for 16woursi 2 f S| Rlactard 161} &6 & single diastereoisomer, in 68% vyield
(Scheme47). The reductive removal of the nitro group, using a modification of the @otocol
also facilitatedthe decarboxylation. The synthesismperidinonel62was permitted in one pot and

it constituted a formal synthesis of (3S, 4fR)yoxetinel57.

O O
o) (a) Bn
2 steps MeO (c) N~
H—  —
72% 78%
F
F F
158 160 161 162
_/\N !
reported
1 ’ \N Y
HN™ s =
FsC CF;

159

157
(a)i) MeNQ, NHOAc, THF, reflux, 24h; ii) Dimethylmalondkéourea organocatalyst59, CHCh,-H n x / X
72h(b) CHO9, BnNH, MeOH, reflux, 16r(c)”BLgSnH, AIBN, toluene, reflux, 16h.

Schemed7 - A formal synthesis of (3S, 4fparoxetine 157 via a nitro-Mannich / lactamisationcascade

Since the previous publications described a falityited reaction scope, the nitrMannich /
lactamisation reaction was investigated further in the Dixon group. This lead to the development of a
new methodology for the synthesis of fused polycyclic piperidinob@s via a nitro-Mannich /
lactamisation cacade between complex nitroalkane precurs@63 and various cyclic iminek64.

After several optimisation studies, this reaction was found to proceed best in water heated to 70 °C.

®0Ono, N.; Miyake, H.; Tamura, R.; KajiTeétrahedrorLett. 1981, 22, 1750.
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A range of five, six and sevamembered ring imined64 were used along wh various nitroalkanes

163, and ®lected examples are shown Sthemeat8.™

7~ [~ n=0,1,2
Ph . Ar
OZN;;; AN

MeO. =Re " 164
1
o H,0, 70 °C
6-240 h
163

NO,
) .Ph Ph
N, N L., N
I I
(@] O (@] (@]
(z), 165a, 76% (%), 165b, 91% (%), 165c¢, 78% (z), 165d, 71%

Scheme48- A direct diastereoselective synthesis of fused polycyclic piperidinone derivatigs

The reaction was found to be broad in scope, and 12 new fused polycyclic compbtbhusere
synthesized in a very good averageld (72%pand exceknt diastereocontrol (dr > 93).
Furthermore the utilityof this methodologywas demonstrated in theotal synthesis of nakadomarin

A 120 (Figure5) published by Dixoat al.in 2009

Figure5 - Nakadomarin A

In this total synthesis, a nitfMlannich / lacamisation cascade was used to synthesize the six
membered ring of nakadomarin 220. Nitro-alkane117 was reacted withformaldehyde9 and 6-
aminohexl-ene 118in refluxing methanol for 4 hours to obtain the corresponding piperidinbh@

in 68% yield$cheme49).

& Jakubec, PHelliwell, M.; Dixon, D. @rg. Lett2008 10,4267.
®2 jakubec, PCockfield, D. M.; Dixon, DJJAm. ChenSoc2009, 131,16632.
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Z 0
+ G MeOH, reflux, 4 h
HH ——————————
NH, 68%

118 9

Scheme49 - A nitro-Mannich / lactamisation cascadm the total synthesis of Nakadomarin A

These previous studies highlighted the utility of a nitlannich / latamisation cascade as a
synthetic tool: the reaction is broad in scope, very efficient (in-poke and onestep, various
reactions occurred and several chemical bonds are formed) and easy to perform. Nevertheless, in
former work, such a cascade had nebeen used to synthesize the fiveembered ring analogshe
nitro-pyrrolidin-2-ones Thus, in a continuation of our studies we decided to investigate the synthesis

of pyrrolidin-2-onesviaa three component nitradvlannich / lactamisation cascade.

1.2 Goal andpreliminary studies

1.2.1 Pyrrolidine and pyrrolidinone heterocycles

Pyrrolidine and pyrrolidinone rings are common motifs found in many biologically active natural
products and drugf8 64. The structures of these compounds range from relatively simple monocyclic
pyrrolidinone, such adysiamide GL28, to architecturally complex polycyclic ring system, such as the

one found in the alkaloid nakadomarinl20 (Figure6).

HN ©
H .
c,e ©
Dysiamide G Lepadiformine Crispine Ipaldibine Doxapram Nakadomarin A
128 129 130 131 132 120

Figure6 - Pyrrolidinone and pyrrolidinone rings in natural product and biologically active compounds

&3 (a)Carmely, S.; Gebreyesus, T.; KaghnYa; Skelton, B. W.;Me, A. H.; Yosf, T.Aust. J. Chenl99(Q 43, 1881.(b) Sauleau, P.;
Retailleau, P.; Vacelet, J.; Bourgé@ndracki, ML.Tetrahedror2005 61, 955.
®solation: Issa, H. H.; Tanaka, J.; Rachmat, R.; Setiawan, A.; Trianto, A.; HMarifie Drugs2005, 3, 78.
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The abundance of #se motifs in desirable targets has led to considerable interest from the
synthetic community. Despite the many publications tive field, assessment of the synthetic
methods against a range of typical targets (from simple aoguolic to complexolycyclic) reveals

that there is no one general method or strategy that can be routinely employed for the whole class
of compounds. Accdingly we believed that the development of a new route would be useful in

both pharmaceutical and natural products synthesis.

1.2.2 Our approach

Our proposed cascade is shown3oheme50. Treatment ofan aldehydel66 an with amine 167
should lead to the rapid formation of the imine intermedi&it68 which is poised to undergo proton
exchange with the acidic nitroalkari9. This mutually reactive ion palf70 should then undergo
carboncarbon bond formation to give the niteblannich praluct 171 which, through favourable
positioning of the amine and the ester functionality, is able to undergo irreversible lactamisation to

afford 172

o) NH N/RZ o) H\N/R2 5 le}
A — | + — Jf/\ c
R)J\H 2 - )\ o N/\)J\O/ - . OzNVkO/
1 R H 2 Ri H
170

166 167 168 169

| Re
Ro N0 Ry _NH
' - 1 ile)
- T
O,N O,N @/
(*)-172 171

Schemes0 ¢ Proposed nitreMannich / lactamisdion cascade for the synthesis of pyrrolidiB-ones172

1.2.3 Syrthesis of the starting material: methy8-nitropropanoate 169

Methyl 3-nitropropanoate 169 was prepared in 3 stepga a modification ofliterature procedurs,

startingfrom acrolein173(Schemes1).®° First, a nucleophilic additioof nitrite anionon acrolein173

%% (a) Griesser, H.; Ohrlein, R.; Schwab, W.; Ehrler, R.; Ja@eg. Bynth.2004 Coll. Vol. 10, 577. (b) Silva, P. C.; Costa, J. S.; Pereira, V. L. P.
Synth. Commur2001, 31, 595.
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provided 3-nitropropanal 174 in 72% vyield Then, a Pinnick oxidatioon aldehydel74 afforded 3
nitropropanoic acid175 as a white solidafter trituration in chlogoform. Finally, methyB-
nitropropanoatel169 was formed by esterificatigrcatalyzed by concentrated sulfuric acid in boiling
methanol in 75% yield over the two steps.

In order to form methy3-nitropropanoate 169 in one step, theaddition of sodium nitrte was
attempted directly on methyl acrylate Unfortunately,only traces of product were formed. Methyl

acrylateis probably noelectrophilic enough to undergo such transformation.

NaNO, AcOH o NaClO, Hy0, 10 MeOH o)
THF / water CH3CN, NaH,PO, H,SO,
\)\H — OZN/\)J\H OZN/\)J\OH ———— O,N o~
72 % 75 %
173 174 175 over 2 steps 169

Schemebl ¢ Athree steps synthesis of methyl-Bitropropanoate 169

The sequencalescribed abovevas therefore gradually scaled ufrom 500 mg scaleyntil it was
performed on 40 g scale of acrolein to form the desired nitroester in 54% overall yield.
With methyl 3nitropropanoate169 starting material in hand, we were ready to start probing its

reactivity towards a nitreMannich / lactamisation cascade.

1.2.4 Proof of principle

In order to probe the reactivity of methykitropropanoatel69in the nitro-Mannich / lactamisabn
cascade for the synthesis of pyrrolidinone heterocycles, it was decided to use a preformed cyclic
imine 176in to order limit the number of variables in the reaction and thus prevent side reactions as
much as possible. Accordingly, a solvent screenumagrtaken, for the reaction between methyt 3
nitropropanoate169and 3,4dihydroisoquinolinel76a in order to isolate some of the desired fused
polycyclic pyrrolidinond77a (Tablel).

The solvent screen wgserformed in sealednicrowave viad (to maintain a constant volume of
solvent),at 60 °C (lower than the boiling point of the solvent tested) and under an atmesplof
nitrogen (to maintain a constargressure). Th&IMR yieldwas measuredy *H NMR spectroscopy,

againsttribromobenzene as an internal standaedter an arbitrary period of 1Fours.
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176a o
O,N /\)kOMe L/V/

169 % ngig)t o ON 477a

Entry Solvent 177a(%) dr
1 Water - -
2 MeOH 18% 2.51.0
3 CHCN 15% 1.51.0
4 THF 32% 3.01.0
5 CHdQ 17% 3.21.0
6 Toluene 42% 4.21.0
7 Hexane 90% 1.41.0
8 Neat 100% 1.011.0

Tablel ¢ Solvent screen with preformed cyclic imindg6a

Previous studies on nitetMannichlactamisationcascades in our grolff? showed that polar protic
solventswere preferred for thesynthesis of piperidinone derivatives. However, in the present case of
5-membered ring formation, little or no conversion was observed in water and methanol eritri

2). Pleasinglysome product was observed witiprotic solvents (entries-8), and hexane and neat
conditionsprovided the highest conversion. In toluene, the conversion remained moderate (42%),
but the diastereocontrol (4.2.0)was the highest obtaied.

These results were really encouraging and constitiaesbundproof of principle. Nevertheless, our
goal vwas to develop a three componenascade, Were methyl 3nitropropanoate169 would be in

the same pot along with an aldehydé6and an aminel67 (Schemes?2). Therefore we had tselect

anothermodel system for all further studies.

166 167 169 (#)-172

Schemeb2 ¢ Goal: one pot / three componegeaction

1.2.5 Model system

In order todevebp a general method for the ongot synthesis of pyrrolidinon&72, starting from
methyl 3nitropropanoate169, it was important to choose wisely the aldehyi&6 and the amine

167which were to constitute the model system. First, isobutyraldehyfi6awasselected for three
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reasons: it possessesgmod reactivity, it idoranched,which minimized the chance gfetting side
reactionssuch as the aldol reaction, and it is fairly stable. Second, butylab@iniewas determined

to be a good choice of linear prary amine: it is commercially available and free from steric
hindrance, thus ensuring good reactivity.

A test reaction was then performed using methyhi&opropanoate169 (1.0 eq), isobutyraldehyde
166a(1.0 eq), butylaminel67a(1.0 eg) and toluene (Ol mol/L) at 60 € under an atmosphere of
nitrogen Schemes3). The reaction was stopped after an arbitrary period of 17 hours and pleasingly,

the desired pyrrolidinone (x¥]172aawasisolated in 50% yield as a single diastereoisome

toluene O,N

60 °C, Ny(g), 17 h
169 172aa, 50% yield

Schemeb3 - Model system

With amodel system and a proof of principle in hand, we started the optimisation studies.

1.3 Optimisation studies
1.3.1 Solvent screen

1.3.1.1 Model system

The results obtained from thfirst solvent screemvith cyclic iminesl76 (Tablel), suggested that
apolar aproticsolvent such as hexane and toluengere preferred forthis reaction. Nevertheless,
the choice of solvent was not easy: the conditions proygdihe higher conversions (hexane, neat
conditions) were different from the conditions leading to the higher degree of diastereocontrol
(toluene). Therefore, it was decidéd carry out a new solverdcreen for the model systentéble2).
Similarly, be reactionswvere peformed in sealed microwave viaht 60°C and under an atmosphe

of nitrogen.TheNMR yieldwas measuredy *H NMR spectroscopggainsttribromobenzene as an

internal standardafter an arbitrary period of 1fours
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OZN/\)kOMe LFO
solvent O,N
169 60 °C, Ny(g), 17 h 172aa

Entry Solvent Productl72aa(%) Start. Mat. (%) dr
1 Water - - -
2 MeOH 17% 18% > 08:2
3 CHCN 40% 60% > 08:2
4 THF 43% 57% > 08:2
5 CHdQ 67% 33% > 08:2
6 Toluene 50% 50% > 08:2
7 Hexane 72% 17% >08:2
8 Neat 0% - -

Table2 ¢ Solvent screen for the model system

The results arevery similarto the one obtainedwith cyclic iminel76a except that in all cases only
one diastereoisomer was detected. The highest convessiogre again pruoided byapolaraprotic
solvents: chloroform, toluene and hexaneSurprisingly, thereaction performed under neat
conditions did not show any traces of product or starting material, whereas in the case of cyclic
imines [Tablel, entry 8), this set of conditions delivered a 100% conversion to the desired product
177a In order to investigate this matter further, three experiments were undertaken and the results

are presented irmable3.

o
OZN/\)LOMe S\F
solvent O,N
169 60 °C, Nx(g), 17 h 172aa
Entry Temp. &C) Time (h) Conversion (%)
1 60 °C 17h -
2 60 °C 1h 70%
3 RT 12h 100%

Table3 ¢ Investigation of the reactivity under neat conditions

The esultspresentedin Table3 confirmed that neat conditions reactions are very suitable for this
reaction, as after stirring overnight at room temperature, the desired produt?aawas formed
quantitatively as a single diastereoisom@ntry 3). At 60 C, 70% conversion waseasuredby 'H

NMR spectroscopy after onlyhibur and no sign of product or starting material could be found after
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12 hours. This suggested that the pyrrolidindi#aais probably sensitive to the reaction conditions
and can degrade by prolonged exposure

These results were very promising, but neat conditions can make it difficult to follow the reaction
overtime, as it is difficult to sample a homogeneous fraction of the reaction mixture. Also, it was
important at this point to probe the reactivity of ber aldehyded66 and aminesl67to ensure the

generality of the method beforeptimising further

1.3.1.2 Other systems

Two other reagents systems were selected to investigate the influence of the solvent on the
reactivity and to allow a preliminary probe of teeope.

In the first system, butylamind67aremained and isobutyraldehyd&66awas exchanged fop-
methoxybenzaldehydd 6@>. The reaction was runnder the same conditions as previous solvent

screens, and with the three best solvents: toluene, chlonof@nd hexane. The results are displayed

in Table4.
166b O
/©)J\H 167a MeO \
(@] NN
/\)J\ MeO NH, \©1,,1 N o
O,N oM
2 ° solvent OZNL);
169 60 °C, Ny(g), 17 h 172ba
Entry Solvent Product172ba(%) dr
1 CHd 38% > 08:2
2 Toluene 58% > 08:2
3 Hexane 28% > 982

Tabled i Solvent sceen for thereaction of butylamine 167aand p-anisaldehydel6eb
Pleasingly, the desired produt?2bawas isolated in all three reactions, as a single diastereoisomer.
The reaction performed in toluene provided the highesheersion after 17 hours at 6C°
In the second system, isobutyraldehydé6aremained and butylamined67awas exchanged for

benzylaminel67b(Table5).
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166a O
EjﬁNH2
o) YLH 167b ) N

OZN/\)J\OMe IL/V/O
solvent O,N
169 60 °C, Ny(g), 17 h 2% 172ab
Entry Solvent Product172ab(%) dr
1 CHG 50% > 98:2
2 Toluene 15% > B2
3 Hexane 82% > 08:2

Table5i Solvent screen for the system benzylamine/isobutyraldehyde
Again, the desired produd72abwas isolated in all three reactions as a single diastereoisomer but
the conversion varied significantlyith the solvent as shown ifiable5. Hexane gave an excellent
conversion of 82% whereas in toluene, a poor conversion of 15% was measuréd KWR

spectroscopy.

1.3.1.3 Choice of solvent

The resultobtainedfrom the four different solent screens showed that apolar aprotic solvent, such

as hexane, chloroform and toluene, are preferred for the reaction studied. The reslitetallow

us to easily select one solvent as the best one, since the solvent which provided the highest
converson, depended strongly upon the reagent system. Therefore we needed to consider other
factors. Hexane was eliminated for the same reason neat conditions were: hexane does not solubilise
the reaction mixture and therefore taking aliquots which are represtévdaof the reaction at a given

time is difficult. Both toluene and chloroform provided a homogeneous reaction mixture, but toluene
was preferred because in the first solvent screen it was the solvent that provided the highest
diastereocontrol. Alsp toluene wih its high boiling point (110C) allowedroom for thermal

optimisation. Accordingly, toluene was chosen for tast ofoptimisation studies.

1.3.2 Oxygen in the reaction

Once the choice of the solvent was made, we ran the reaction several times tos aigses
reproducibility. Unfortunately, under what seemed to be similar reaction conditions (temperature,
stoichiometry, concentration), the conversion obtained after 4 hours ranged 28% to 72%. It

appeared that the only remaining variable was the gasesavironment. Accordingly, we set up two
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reactions: one open to the aignd another one which waggourowly degassed (by puredfill ed
method), before being left undean atmosphere ohitrogen. Both reations were monitored byH

NMR spectroscopy arttie results are depicted iGraphl.

166a O
o YJ\H 167a )
/\)J\ TN, N o
O,N OMe

solvent O.N

169 60 °C, Nx(g), 17 h 27 172aa

100
90
80
70
60
50
40
30
20
10

—a—Nitrogen(g)

Conversion (%)

—9

—e—air

Time (h)

Graphl - Influence of degassing the reaction mixture on the progress of the reaction

As seen in graph 1, the reaction which was$ degassed stalled at about 30% conversiahereas
the reaction which was previously degassed proceeded smoothly up to 80% conversion as a single
diastereoisomer. Therefore, Was evident that one of the components of the air was affecting the

reaction.Further studies were undertaken to rationalise this result and will be discussed in chapter

1.3.3 Further NMR studies to improve the overall yield of the reaction

After realisng that the reaction mixture had tbe pumped/filled with nitrogen, the reaction vas

found to be reproducible. Nevertheless, the isolated yield still needed improvement.
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1.3.3.1 Isolation of a side product

Further NMR studies were undertaken to improve the yield of the reaction. The model reaction was
set up and the conversion was monitoreds#ly by'H NMR over a period of 10 hours. The results
are plotted inGraph2. Asshown inthe graph at around60% conversion, the desired product2aa

was being consumed and a new product was being formed. This side produidoledaed and fully

characterized, and it wasundthe to be the" Xunsaturated producl78.

166a O

H 167a

w3
oo e )"'ﬁfo ' )w@fo

2
toluene, 70 °C, Ny(g) —

169 172aa 178

100

e Nitroester 169

® Product 172aa

Conversion (%)
wul
o

4 Side product 178

Time (h)

Graph2 ¢ Observation ofthe formation of a side product

Presumably,178 is formedvia a basecatalyzed elimination of the nitrgroup of 172aaand to
prevent its fomation it was decided to use an acid to buffer the reaction mixture and suppress any

base catalyzed reaction pathway. Accordingly, an acid screen was executed.

1.3.3.2 Acid screen

In order to test our hypothesis and see if an acid buffeuld suppress the side aetion, an
equivalent of benzoic acid79, with respect to the amind67, was added to the model reaction

system mixture. The consumption of methyhBropropanoate 169 and the formation of desired
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product172ag as a single diastereoisomer, were monitbigy'H NMR spectroscopy and the results

are presented irGraph3.

/\)J\ s o
OyN OMe
benzoic acid 179
O,N

169 toluene, 70 °C, N»(g)

100 »

¢ Nitroester 169

Conversion (%)

4 Product 172aa

O T T

0] 2 4 6 8

Time (h)
Graph3 - Suppression of the side product formation by use of an acid buffer

As shownn Graph3, buffering the reaction system with benzoic atif9, avoided the formation of

the side product and the reaction proceeded smoothly up to 85% conversion.

Nevertheless we decided to undertake an acid screen to invéstidpe efficiency of other acid
buffers The acid screen was performed in the twest solventgtoluene and hexanefp see ifthe
solvent and the acid could have a joined influence on the conversion. It was also decided to try it in
water, the least favorale solvent for the reactionto seeif the presence of the acid could influence

the efficiency. The reaction was performed with benzoic da8, acetic acid, trifluoroacetic acid,

and trichloroacetic acid, and thepnversion of each reactiomas measuredy *H NMR spectroscopy

after an arbitrary period of 6 hours. The results presentedin Table6.
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~ " NH, N_ o
OoN &)koMe acid ozNLf
169 toluene, 70 °C, Ny(g) 172aa
Entry Acid Toluene Hexane Water
1 Benzoic acid 94% 98% -
2 Acetic acid 73% 90% 20%
3 TFA 44% 14% -
4 TCA 68% 50% -

Table6 1 Acid screen

In hexane with acetic acid, TFA or TCA, the product of the elimination of thegnitup, compound
178, is visible byH NMR. Thisould be a consequence of the fact that the reawtin hexane is not
homogeneous and therefore all the reagents are not necessarily in the same fhesezaction in
water still didnot show any formation of the producexcept whenacetic acidwas added to the
reaction. Even then, the reaction was very messd low yielding, according tthe 'H NMR

spectrum Benzoic acid79is incontestably the best acid for the reactiahere were no traces of
side product formation and it provided high conversions in toluene and hexane. Benzdld@wids

therefore ugd asanacid buffer in all further studies.

1.3.3.3 Influence of the acid on thé&inetics ofthe reaction

Thanks to thgresence of benzoic acid’9as an acid buffer, the formation of side product8 was
prevented. Furthermore, during these optimisations stgjiit appeared that thereaction was
proceeding faster in the presence of acid. In order to investigate this observation, the reaction of
methyl 3nitropropanoate 169 with 3,4-dihydroisoquinolinel76a was performed in deuterated
toluene, in the NMR machénat 65 €. A proton NMR was measured every 15 minatgsinst an
internal standardallowing us to monitor theNMR yieldaccurately. One reaction was performed with
benzoic acid. 79and the other without it. The choice of a preformed cyclic imine was niradeder

to limit the number of variables in the reaction. The resalts depicted irGraph4.
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a O
O,N /\)kOMe g
dg-toluene, 65 °C

O,N
169 177a
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50 ey
. 4 With benzoic acid 179
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Graph4 - Benzoic acid79acts as a catalyst for the reaction

As shown inGraphd4, the reaction with acid proceeded about 5 times faster than the one without
acid, which suggested that benzoic atitb acted as a catalyst for the reaction. We also decided to
evaluate the effect of the quantity of acah the reaction rate.

Variousreactions were performed at 6@ with 1.5 equivalents of amirié7 and aldehydel 66 with
respect to the nitroesterl69, and varying equivalents of benzoic adid9. The conversion was

monitored by'H NMR spectroscopy at relgu time intervals The esults arepresentedin Graph5.
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X T e
O,N OMe ] ] Lf
benzoic a(:ld 179 OsN
169 toluene, 70 °C, Nx(g) 172aa

S
®1l.5eq.
5 a
w
5 +1.0eq.
2
A0.5eq.
S q
H0.leq.
® no acid

Tine {(h)

Graph5 - Influence of the quantity of benzoic aciti79on the reaction rate

Graph5 shows that the rate of the reaction increased with increasing equivalents of benzoic acid
179. Since benzoic acid79is readily available and inexpensive, it was decided to use 1 equivalent of
acid with respect to the aminel67 (1.5 equivalents with @spe¢ to the nitroester 169 in our
reaction forit to proceed at a higher speed.

After examining the influence of thgolvent, the atmosphere of theeaction, and after adding an

acid buffer, the optimal temperature for the reaction was then investigated.
1.34 Temperature screen

A range of reactions &re performed with 1.5 equivalents of amirnk57, aldehyde24 and benzoic

acid 179, with respect to the nitroestell69, at different temperaturesResults arepresentedin

Graph.
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~ il i
O,N OMe
benzoic acid 179 O,N
169 toluene, N»(g) 172aa

100 -
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Graph6 ¢ Influence of the temperature on the reaction

The reaction proceeded at d@ikmperatures between room temperature and reflux in toluerd.
room temperature, the reaction proceedevery slowly (40% conversion after 7 days). At reflux, the
reaction was quite fast, andias comple¢d within a few hours, but the product had a tendency to
decompose under the harsher conditionst temperatures lowethan 60°C, the reaction watoo
slow. A temperature of 70C was found to be the best compromise between reaction tiraaction
efficiency and degradation of the product. In these conditions, 90% conversion to the desired
pyrrolidinone 172aaas a single diastereoisomer was reached in 7 folihe last parameter to

optimise was the concentration of the reagents.
1.35 Concentration screen

Several reactions were performed at various concentrations, &C7Qvith 1.5 equivalents of amine

167, aldehydel66and benzoic acid79with respect to the nitoester169. The results arpresented

in Graph?.
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O,N OMe
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2
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Graph7 - Optimisation of the concentration

Quite expectedly, the reaction rate increased with increggsioncentration. It is worth nang, that
the dilution does not have a significant effect on the reactivity and therefore it is possible to change
the concentration to better accommodate the scale of the reactidhe desired compound72aa
was obtainedn every reaction as a single diastereoisomer. A concentration of 0.4 mol/L was found
to be the best concentration to assure a fast reaction and a convenient volume of solvent to work

comfortably on a 100 mg scale.

1.3.6 Work-up screen

Finally, we investigated viaus ways of workingip the reaction. The first reactions performed were
purified directly by flash column chromatography. Unfortunately, benzoic Bt@has a tendency to
GaidNBI1¢ 2y I Kabvay©Bundiag ¢ cohtgmimantiie dinal product.It was decided
to proceed with an agueous basic weug prior to the column to remove the acid from the reaction
mixture. Several bases were tried: saturated aqueNasiCQ(pH = 8.59), 1M aqueous,CQ (pH =

13), 1M ageous NaOH 1Nl = 14, and 5% aquausNaCQ (pH = 1). All of the work up conditions
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that were trialed successfully removégnzoic acid.79from the reaction mixture, but the aqueous

work up with 1M potassium carbonate provided the cleanest crude product.

1.3.7 Optimal conditions

The optimalreaction conditions were found to be the following: 1 equivalent of nitroed®9, 1.5
equivalents of amind 67, aldehydel66and benzoic acid79, in toluene (& 0.4 mol/L). The reaction
vessel had to be sealaahd the mixture waspumped/filled three timeswith nitrogen The reaction

was stirred at 7°C under an atmosphere of nitrogen and the conversion was monitored by TLC.
Upon completion, toluene was evaporated and the residue taken up in dichloromethane. The organic
layer was washed three times wiftM aqueous potassium carbonate, drieder sodium sulfate, and

then concentratedn vacuato yield the crude desired produdfr2 Purification was achieved by flash

column chromatography.

1.4 Scope of the reactionvith acyclic imines

With optimal reaction coditions in hand, we probed the scope of the reaction with respect to the

aldehydel66, to the aminel67and also to preformed cyclic imin&36.

1.4.1 Scope with respect to the aming67

With respect to the amind 67, 13 pyrrolidinones were synthesized in awgood average yield of
69%, from 25% to 849&¢hemeb4). In all cases only a single diastereoisomer was observeH by
NMR spectroscopy of the crude materidhe amines used were all primary amines ranging from
linear (1679 to sterically hindered167m and 167n), and bearingvariousfunctional group such as

ester (L67), acetal {67h), halide 167), alcoholg167 and 167) and heterocyclé167g).
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166a O

o HR167a-n |
2~ N
NH2 )”" O
ON /\)J\OMe LF
benzoic acid 179,
169 toluene, 70 °C, Ny 172aa-n

o 9 -0
e S e e 5

(#)-172aa, 72%, dr > 98:2  (+)-172ac, 76%, dr > 98:2 (+)-172ad, 70%, dr > 98:2 (+)-172ab, 76%, dr > 98:2 (+)-172ae, 77%, dr > 98:2

hoa JD Ooj I

(+)-172af, 84%, dr > 98:2  (+)-172ag, 64%, dr > 98:2 (+)-172ah, 84%, dr > 98:2 (+)-172ai, 52%, dr > 98:2 (+)-172aj, 75%, dr > 98:2

A ol I

N ., N ., N %/

O,N O,N O3N OzN

\

O

O,N O,N O,N

(£)-172ak, 25%, dr > 98:2  (+)-172al, 78%, dr > 98:2  (+)-172am, 63%, dr > 98:2 ()-172an, no reaction

Schemeb4 - Scope of the reaction with respect to the amirs7

It is worth noting that the reaction is sensitive to steric bulk. With a-bolky linear amine, such as
butylamine (673, the reaction proceeds smoothly in 72% vyield. With ispgtamine 167m), the
yield is reduced to 63% and no reaction was observed Wheylamine (67n) was used. A possible

explanation for this observation will be given in chagger

1.4.2 Scope with respect to the aldehyd&66

In order to probe the scope of theaction with respect to the aldehydE66, 16 pyrrolidinones were
synthesised in a good average yield of 62%. Various aldeliyiasere used ranging from aliphatic

to aromatic Schemebb).
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o
166a-q
R1)J\H 167a \

o
/\)k /\/\NHZ R, N (o]
O,N OMe
benzoic acid 179, O,N
toluene, 70 °C, Ny
169 172a-qa
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o > Qe e
., N ., N “, N “, N MeO ., N
O,N O,N O5N O3N O3N

(+)-172ca, 75%, dr > 98:2  (¢)-172da, 72%, dr > 98:2  (+)-172ea, 72%, dr 91:9 (£)-172fa, 83%, dr > 98:2 (+)-172ga, 87%, dr 93:7
dr' 2:1 dr' 4:1

NO o]
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(+)-172ba, 87%, dr >98:2  (+)-172ha, 53%, dr > 98:2  (+)-172ia, 75%, dr 98:2 (+)-172ja, 70%, dr>98:2  (+)-172ka, 70%, dr 90:10

(+)172la, 65%, dr > 98:2  (+)-172ma, 75%, dr > 98:2 (+)-172na, 45%, dr > 98:2 (+)-1720a, 25%, dr > 98:2 (+)-172pa, 14%, dr > 98:2

Bu B
NO, O,N

(#)-172qa, 35%, dr > 98:2

Schemeb5 - Scope of the reaction with respect to the aldehyd&6

Aliphatic aldehydes gave excellent diasrereocontrol, only a single diastereomer could be detected in
the crude’™ NMR with good yield@roducts172aa 172ca and 172da). Nonbranched aldehydes
(productsl72naand 172o0a) gave a lower yield, presumably due to aldol side reaction. Aromatic and
heteroaromatic aldehydes ranging from electrdoh (product172bg to electronpoor (product

172a) and substituted at different positions (producg2fa, 172gaand172bg gave excellent yields

and good diastereocontrol. In some cases, the minor diastereomer could be observed bytrude
NMR and was separable by standard column chromatography tolgi2as single diastereomers

with the exception ofL72ka which was obtained with a disf 90:10.
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1.5 Extension of the reaction to cyclic iminds/6

1.5.1 Synthesis of fused polycyclic pyrrolidinonég7

According to the solvent screen and preliminary studies, gheformed cyclic imined76 have a
similar reactivity to acyclic onels8, but they lead to a lower degree of diastereoselectivity. Four
cyclic iminesi76ad) were synthesized={gure7) and reacted with methyl-Bitropropanoate169in

the conditions previously optimised for the nitfdannich / lactamisation cascade.

A range of six and seven membered ring iminek/6a-d (Figure7) were prepared according to
literature procedures.

176a% and 176c¢67 were made in two steps, respectively from phenylethylamine and
dimetoxyphenylethylamine via a BischlerNapieralski reaction. A nitration of176a gave176b ¢8

in one step.176d6° was synthesised in threesteps from | -tetralone.

VT .
@Qﬂ ON “Y MeO N 7

176a 176b 176¢ 176d

Figure7 i Cyclic imines176ad

Extension of the methodology to cyclic imines allowed the formation of polycyclic pyrrolidinone
derivativesl77ad (Schemes6). Imines176ad were reacted with methyB-nitropropanoate169in

toluene with benzoic acid at 7.

¢ Eliott, M. C.; Williams, Bxrg. Biomol. Chern2003 1, 3038.

" Warrener, R. NTetrahedrorl 998 54, 7485.

8 Venkov, A. P.; Statkovibeghe, SSyrth. Comm1996 26, 127.

% (a) Grunewald, G. L.; Dahanukar, V. H.; Ching, P.; Crisciond, Kled. Chen1996, 39, 3539. (b)Jakubec, P.; Helliwell, M.; Dixon, D. J.
Org. Lett2008 10, 4267.
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O Ar @ R
o) RN i Ar

B N
176a-d -7 (0]
OZN/\)J\OMe
toluene, benzoic acid 179 O.N
2

60 °C, Nx(g), 17 h

169 177a-d
MeO.

N N
OyN O,N O,5N O,N
(x)-177a, 95%, dr 2:1 (x)-177b, 72%, dr 1:1 (x)-177c, 77%, dr 2:1 (x)-177d, 75%, dr 4.5:1

Schemeb6 ¢ Fused polycyclic pyrrolidinones77ad

The reativity was similar to those of aliphatic imin&68and the products weréormed in excellent
yields. However, a lower diastereoseledyy was observed in all cases withude dastereomeric
ratiosranging from 1:1 to 4.3.

Interestingly as we were ingstigating an enantioselective version of the nilviannich /
lactamisation cascade€papter 4, it was found thatreplacing benzoic aciti79for chiral phasphoric

acid180(Figure8) significantly increased theiastereocontrol. This required further investigation.

O SiPh,
§
OoF o

OO SiPh3

(R)-180
Figure8 ¢ (R-o Z-toip@enylsilyl-binolphosphoric acidl80

1.5.2 Attempts at improving the diastereocontrol of the reaction with
cyclic iminesl76

1521 Influence of the acid on the diastereocontrol

First, a quick screen was executed to assess the effect of the nature of the acid on the
diastereocontrol. Every iming76ad was sulected to the reaction in absence of acid, with benzoic
acid 179 (1 equivalentwith respect to the iminel76) and with a chiral phosphoric aciBO (10

mol%).Theresults arepresented inTable?.
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O Ar @ R
oW LA
i t76a-d L N 0
OZN/\)J\OMe 2

toluene O,N
60 °C, Nx(g), 17 h
169 177a-d
Entry Imine Acid dr
1 176a - 4.51
2 176a Benzoic acid79(1eq) 201
3 176a Phosphoric acid80(0.1eq) 14.01
4 176b - 2.81
5 176b Benzoic acid79(1eq) 1.021
6 176b Phosphoric acid80(0.1eq) 7.51
7 176¢ - 2.01
8 176¢ Benzoic acid79(1eq) 201
9 176¢ Phosphoric acid80(0.1eq) 5.0:1
10 176d - 4.51
11 176d Benzoic acid79(1eq) 451
12 176d Phosphoric acid80(0.1eq) 7.0:1

Table7 - Acid screen to probe the diastereocontrol

Table7 shows that the diastereocontralepends strongly on the acigsed n the reaction. Inthe
presence of benzoic acid79 (1 equivalent with respect to the imined76), we obtained
diastereomeric ratios ranging from 1.0:1 to 4151n absence of acid, the diastereomeric ratios were
comparable to those with benzoic acld@9 (entries 7 and 10) or doubled (entries 1 and 4). The best
results werefound when using 10 mol% of phosphoric adi@l0 with diastereomeric ratioranging
from 5:1 to 141.

In order to see if the strength of the acid had any effect on the diastereocontmelrdhction was
repeated with three acids of different pKa: benzoic ati® (pKa = 4.2)paratoluenesulfonic acid

181 (pKa =6.5) and thiophenol 82 (pKa = 6.6)T{able8).

1'5qu®©\1

0 2

~ N 176a Mo Mo
ON OMe L?ﬁ *

toluene, acid O,N O,N
169 70°C, Nx(g), 5h 177a-major 177a-minor
Entry Acid Conversion dr (major/minor)
1 Benzoic acid80 100% 21
2 pTSAL81 - -
3 Thiophenol182 traces -

Table8 ¢ Influence of acids on the diastereocontrol
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Unfortunately, inthe presence opTSA181 or thiophenol182the reaction did not proced. Another
screen was undertakerS€hemes7), using aromatic carboxylic acid with various substitueh,(
183, 184 and 185) to tweak the pKa and different phosphoric acids, both achiral and cthBé) 187,
180 and 188). The reactions were stopped after an arbitrary period of 5 hours and the

diastereomeric ratios were determined Byl NMR spectroscopy of the crude mixture.

1.5 eq.
., N

N
176a o
OzN/\)J\OMe
tooléene, acid O,N O,N
169 70°C, Nx(9). 5h 177a-major 177a-minor
(o} (0] (o} (0}
OH ©)J\OH /©)J\OH ON OH
183 179 184 185
dr 2.6:1 dr2.3:1 dr 2.6:1 dr 2.9:1

Q\o OH/© \/\)\/Z ZH\)\/\/

186 187
dr 1.6:1 dr 2:1
SiPhs SiPhg anthracyl
OO O‘P/’O OO O\P/’O O
e ecdll °
SiPhs SiPh3
(£)-180 (R)-180 (R)-188

dr 14:1 dr 11:1 dr 6:1

Schemes7 ¢ Influence of the nature of the acidn the diastereomeric ratio

As seen irSchemeb7, the diastereoisomeric ratios measured for the reactions with the aromatic
carboxylic acid1(79, 183, 184 and 185) were very similar (withinx@erimental error) and therefore it
does not seem that the strength of the acid plays an important role in controlling the degree of
diastereoselectivity. Interestingly, results obtained with the phosphoric acdi@® énd 186-188)

suggested that the shapef the acid influences greatly the diastereocontrol wilastereomeric

ratios varying from 1.6:1 to 14:



CHAPTER-Bynthesis of 18isubstituted4-nitropyrrolidinones via a nitrdlannich / lactamisation cascade 58/283

It seemed that the nature of the acid had a great influence on the diastereocontrol. However it was
not clear vhether the acd played a role duringhe reaction or after the product was formed
(through equilibration). Accordinglyl77amajor and 177b-minor were separated by flash column
chromatography and submitted separately to simulated reaction conditidi®s:mol%of chiral
phosphoricacid 180, 1 eaquivalent of methanol (formed as a product of the lactamisation), and
various equivalerst of iminel76a (Table9 and Table10). The diastereomeric ratio of each reaction

was measured b{H NMR spectroscgpafter 7 hours and 48 hours.

_N
176a

70 °C, N,(g), MeOH (1 eq.) @
%O toluene , N o ., N 0
iPh
O,N SiPhs O,N O,N
177a-major o 0 177a-major 177a-minor

O/P\OH
OO SiPhg
(%)-180
Entry Acid180 Imine 176a Time (h) dr (major/minar)
1 10 mol% - 7h 50:1
2 10 mol% - 48h 501
3 10 mol% 0.5eq 7h 301
4 10 mol% 0.5eq 48h 101
5 10 mol% 1.0eq 7h 25:1
6 10 mol% 1.0eq 48h 6:1
7 10 mol% 1.5eq 7h 221
8 10 mol% 1.5eq 48h 5.51

Table9 ¢ Assessing the epimerisation potential df7 7amajor
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_N
176a

70 °C, N,(g), MeOH (1 eq.) ©/\
%O toluene ;\NFO N N_ o
SiPhs

O,N O,N O,N
177a-minor o 0 177a-major 177a-minor
P!

o~ TOH
OO SiPhg
(2)-180
Entry Acid180 Imine 176a Time (h) dr (major/minor)
1 10 mol% - 7h 1:45
2 10 mol% - 48h 1:3.0
3 10 mol% 0.5eq 7h 1:6.0
4 10 mol% 0.5eq 48h 124
5 10 mol% 1.0eq 7h 135
6 10 mol% 1.0eq 48h 1:1.0
7 10 mol% 1.5eq 7h 135
8 10 mol% 1.5eq 48h 1:1.0

Table10 ¢ Assessing the epimerisatiopotential of 177aminor

As shown inTable9 and Table 10, an epimerisationpost cyclisation is possible as equilibration
happened in all the reactianperformed, with the e&ception of entries 2, Table 9. Also, the
epimerisationprocess was more efficient with increasing amounts of imli7éa present in the
reaction. It is worth noting that the equilibration process is slow compared to the timtheof
reaction. Indeed, the reaction proceeded to completion in about 10 hours and after 48 hdudes

minor had only epimerized to diastereomeric ratiof 1:1.

Finally, two reactions, one without acid and one with benzoic acid, were followedtioveruntil

they reached full conversion. The conversion and the diastereomeric ratio at a given time were

measured byH NMR spectroscopy and the results are reporte@idhlelland Table12.
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1'5qu©©\1
(0] ~
~ N 176a Mo Mo
ON OMe L?ﬁ *
toluene

O,N O,N
169 70°C,Nx(g), 5h 177a-major 177a-minor

Entry Reaction time (h) Conversion dr (major/minor)

1 3h traces -

2 18 h 27% 6.5:1

3 28 h 34% 6:1

4 40 h 50% 5.8:1

5 48 h 60% 4.6:1

6 72 h 100% 4.5:1

7 96 h 100% 2.6:1

8 120 h 100% 2:1

Tablel1 ¢ Reaction wthout acid: erosion of the diastereomeric ratio overtime

1.5eq.®©\l

(@] —

~ N 176 Mo No
O,N OMe L}é +

toluene, benzoic acid 179 O,N O,N

169 70°C, Nx(9). 5h 177a-major 177a-minor

Entry  Reaction time Conversion dr (major/minar)
1 1lh 74% 2211
2 2h 81% 2.011
3 3h 85% 2.0:1
4 7h 93% 2.0:1
5 24 h 100% 2.0:1

Table1l2i Reaction with benzoic acid: dr constant overtime

The results reported imable11 and Table12 are really important and provide, combined with
previous observations, a strong evidence to explaaorigin of the diastereocontrol. In the absence

of acid Tablel11) the diastereomeric ratio was found tvary overtime, from 6:1 to:2, whereas in

the presence of benzoic acid9(Tablel?2) the diasereomeric ratio remained constant overtime (dr

2:1). This suggests that equilibration to the thermodyna ratio (2:1) occurs instantly with benzoic

acid but the process is much slower in the absence of acid. In the case where we used chiral
phosphoric ad 180, we believed that the high degree of diastereocontrol (14:11f6¥g is due to

the action of acidl80which prevents the equilibration pathway and therefore the dr observed is the
result of the reaction under kinetic control with little erosion byudibration postreaction. For

acyclic imines, the dr was found to be the same with or without acid (benzoid @8ior chiral acid
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180) and constant overtime. This suggests that in the case of acyclic imines the thermodynamic

product and the kinetic prducts are the same.

Several parameters, such as the dilution, the temperature and the stoichiometry of the reagents
were also tested to evaluate their influence on the diastereoselectivity. Since benzoid 7xis
cheap and commercially available unlike chiral phosphoric acidl80, the rest of the optimization

studies were performed with benzoic ad@9.

1.5.2.2 Influence of the dilution on the diastereocontrol

In orderto assess the influence of the dilution on the diastereocontrol, the reaction was sat up
various concentrations and the diastereomeric ratios were measureti VMR spectroscopy on the
crude mixture upon completion of the reactiomdblel3).

1.5eq. ©©\l
(0] _
/\)J\ 176a N o N O
O,N OMe L/V/ +

2

toluene, benzoic acid 179 O,N O,N

169 70°C, Nx(g). 5h 177a-major 177a-minor

Entry Volume Concentration dr (major/minor)
1 0.5mL 0.38 mol/L 251
2 1.0 mL 0.19 mol/L 2.21
3 1.5mL 0.12 mol/L 2.11
4 3.0 mL 0.06 mol/L 1.91
5 5.0 mL 0.04 mol/L 1.81

Table13 ¢ Influence of the dilution on the diastereocontrol

Asshown inTable13, the diastereomeric ratio decreases with increasing dilutiotin values going
from 2.51 at 0.38 mol/L (entry 1p 1.821 at 0.04 mol/L (entry 5). Nevertheless, the effect of dilution

is very moderate.

1.5.2.3 Influence of the temperature on tk diastereocontrol

Then, we investigated the influence of the temperature on the diastereoselectivity. The reaction was

then run at various temperatures, ranging from room temperature to @t0and the diastereomeric
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ratios were measured byH NMR spectrscopy on the crude mixture upon completion of the

reaction Tablel14).

1.5eq.©©\l

O Z

~ N 176 Mo No
ON OMe L}é *

toluene,obenzmc acid 179 O,N O,N
169 70°C,Nx(g),5h

177a-major 177a-minor

Entry Temperature dr (major/minor)

1 RT 1.41
2 on x/ 1.51
3 pp x/ 1.91
4 70x / 2.01
5 90x / 2.21
6 wS Tt dzE 2.41

Table14 ¢ Influence of the temperature on the diastereocontrol

As shown irrable14, the diastereomeric ratio increasedith the temperature, from 1.4t at room
temperaure (entry 1) to 2.4:1 at 10 <C in refluxing conditions (entry 6). The temperature has a
greater effect on the diastereocontrol than the dilution, but it remains moderate.

1524 Influence of the stoichiometry of the reagents on the
diastereocontrol

The effect of the stoichiometry of theitroester 169 and the iminel76awere probed respectively.
Reactions were set up with various quantities of both starting materials, and the diastereomeric
ratios were measured byH NMR spectroscopy on the crude mixture upon completion of the

reaction {Tablelb).

1'5qu©©\1

0 2

~ N 176a Mo Mo
ON OMe L/V/ *

toluene, benzoic acid 179 O,N O,N
169 70°C, Nx(g), 5h 177a-major 177a-minor
Entry Nitroester Imine 176a dr (major/minor)
169
1 1.0eq 3.0eq 2.21
2 1.0eq 10.0eq 2.21
3 1.5eq 1.0eq 1.41
4 3.0eq 1.0eq 2.01

Table15 ¢ Influence of the stoichiometryon the diastereocontrol
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As seen imablel5, the stoichiometry of both the nitroestet69 and the iminel76ado not have a

significant influence on the diastereoselectivity.

1.5.25 Conclusion on the diasteocontrol

In summary, the diastereomeric ratio is not significantly affected by the stoichiometry of the
reagents, the concentration, the temperature of the reaction and it reradioonstant throughout
the progression of the reaction. Only changing beazxid179 for chiral phosphoridd80led to a
strong increae in the diastereoselectivity, and we believed that chiralgphoric acid blocks the

thermodynamic equilibration pathway thus leading to the kinetic ratio of products.

1.6 Elucidation of the stereolkemistry

1.6.1 For pyrrolidin2-ones172

The stereochemistry of the major, and in most cases only, diastereomer obtained was
unambiguously determined by single crystatay analysis of compound72a (Figure 9). By
comparison of the'H NMR coupling constants, the stereochemistry of the other compo(titzaa
to 172ga and 172an) was assigned by analogy. In each case, the nitro group of the major

diastereomer is imtransrelationship with the Ryroup of the aldehyde, tminimize steric repulsian

Figure9i Crystal structure of 172a
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1.6.2 For fused polycyclic pyrrolidinoneks76ad

The stereochemistry of the majoand minor diastereoisomer ol77ad was achieved byhOe
experiment onl77amajor and 177aminor. The stereochemistry of the other compounds77b-d)

was assigned by analogy bomparison of théH NMR coupling constants

1.7 Conclusion

In summary, an efficient diastereoselective nitvtannich / lactamisatiomeaction cascade of methyl
3-nitropropanoate169with cyclicl76and acyclic imine$68. This is the first general methddr the
direct preparation ofl,3-disubstituted4-nitropyrrolidin-2-ones. The reaction is easy to perform,
broad in scopéboth mono and polycyclic pyrrolidinone derivativd§2and 177 respectively can be
formed) and scalable. It is worth noting that the yield tends to increase with the stais. multi
component method is particularly valuable to efficiently generate libraries ofpmamdsor to lower

the step count of a total synthesis.

o
166b
Ot 0
N o Bu-NH, v, N
L}éo 176d _ o 167a L)ﬁo
o

) ) O2N —
O,N chiral acid (+)-180 benzoic acid O,N
(2)-177d (75%, dr 7.5:1) 101 70°C,6h 169 Tol, 70°C, 4 h (+)-172ba (87%, dr > 98:2)
1 of 4 examples 10f 29 examp!es
80% average yield 65% average yield
average dr > 5:1 average dr > 98:2

Schemeb81 Summary
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CHAPTER 2

Synthesis of 1,3,5 risubstituted-4-nitropyrrolidinones
via

a Nitro-Mannich / Lactamisation Cascade
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2.1 Context

In the previous chapter, we described the development of a new methodology for the direct
diastereoselectivesynthesis otrans 1,5-disubstituted4-nitropyrrolidinones172 via a nitro-Mannich

/ lactamisation cascade between methyh8ropropanoate169and an acyclic imine formed situ

The reaction was easy to perform, very broad in scope and the method was extended to the reaction
with preformed cyclic imined76to access fused tricyclic pyrrolidinongg7in excellent yields (80%

in average) and good diastereocontrol (from 4:1 to 14Schemeb9).

166b 1
Bu NH, \©

L 176d 167a
O,N

chiral acid (z)- 180 benzoic acid O,N
(i)—177d (75%, dr7.5:1) 10, 70°C,6h 169 Tol, 70°C, 4 h (£)-172ba (87%, dr > 98:2)
1 of 4 examples 10of 29 examp!es
80% average yield 65% average yield
average dr > 5:1 average dr > 98:2

Schemeb9 ¢ Diastereoselective synthesis of monocyclic and fused tricyclic pyrrolidinobé®and 177

Considering the abundance biblogically active compoundsuch as the HIV inhibitdi89° and the
cannabinoid receptor ligani90™*, and natural products, such assigmide191"?and heliotropamide
192", containing a pyrrolidi®-one ring substituted in the 3 positiorFigure 10), a method of

introducing an alkyl substitu¢mlpha to the lactam carbonyl was required.

(0]
(0] (0}
o ~N N ce @
e O R
A =T N
oH @ cl ©
v
189 190 191
HIV protease inhibitor Cannabinoid receptor ligand Dysiamide H Heliotropamide

Figurel0¢ 3-Substituted pyrrolidin2-one natural products and biologically active compounds

n (a) Kazmierski, W. M.; Andrews, W. C.; Furfine, E. S.; Spaltenstein, A.; WrigBipard..Med. Chem. Let2004, 14,
5689. (b) Sherrill, R. G.; Andrews, W. C.; Bock, W. J.-\Waxds R. G.; Furfine, E. S.; Hazen, R. J.; RutkoRske.;
Spaltenstein, A.; Wright, L. Bioorg. Med. Chem. LeR005, 15, 81.

" Enz, A.; Feuerbach, D.; Frederiksen, M. U.; Gentsch, C.; Hurthijllér, MW.; Nozulak, J.; Roy, BBlioorg. Med. Chem.
Lett.2009 19, 1287.

2 Sauleau, P.; Retailleau; Facelet, J.; Bourgudétondracki, ML. Tetrahedror2005 61, 955.

73Guntern, A.; loset,-R.; Queiroz, E. Fa®lor, P.; Foggin, C. M.; HostettmannJKNat. Prod2003 66, 1550.
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A range of conditions to directly allaye the previouslysynthesisedpyrrolidin-2-ones 172aawere

attempted butfailed to yield any of the desired produci®3aaaand one of them is presented in

\ 1) LDA (2 eq.), THF/DMPU \H
0,

e 78°C NI
2) Bn-Br (1 eq.)

O,N O,N

Schemeb0.

172aa 193aaa
no reaction

Schemeb0 ¢ Direct alkylation ofl72aaalpha to the lactam carbonyl

Accordindy, and in order to circumvent this issue, we decidednvestigatean alternativeroute in

which methyl 3nitropropanoate169would beGalkylatedprior to the nitro-Mannich / lactamiation
cascade. In relation to eyreviouswork detailed inchapter 1, this development would raise new
issues of reactivity, reaction scope and diastereoselection in the products and as such was a worthy

pursuit.

2.2 Proof of principle

Following modifiediterature procedures, methyl 2benzyt3-nitropropanoate194a was syntheised
in one scalable step from the parent methytlnBropropanoate 169.”* The gerndialkylated

compoundl95awas isolated as a side product of the alkylation reac{fammeme61).

1) LDA (2 eq.), THF/DMPU o o
e OoN (0] + O.N (¢}
ON o 2)Bn-Br (1 eq.) 2 2
-78°to RT O Q
169 194a, 73% 195a, 10-20%

Sheme61 ¢ Synthesis ofl 94avia direct alkylation of169alpha to the carbonyl

With 194ain hand, a range of preliminary experiments to identify conditions for a #Ntemnich

lactamisation cascade were performed using isobutyehidle (1.5 eq), butylamine (1.5 eq) and

610 hQbSAfSE L& ! ®TChenk ComhiirZDO6 14505 (b)ISkebatld B.yHemning, ®; Mukhopadhyay, T.
Chem. Ber1982, 115, 1705.
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benzoic acid (1.5 eq) in a range of solvents at 70 °C in sealed vessels for a fixed time of 12 hours

(Tablel6).
166a Q
Q \HkH 167a

ON OMe T NH, )/(\Nfo * ) No—o

benzoic acid 179, solvent

e N =0 %

194a 193aaa-major 193aaa-minor
Entry Solvent 'H NMR yield ofl93aaa (%) dr

1 MeOH 29% 2.5:1
2 EtOAC 62% 3.0:1
3 EtO 84% 3.5:11
4 THF 60% 3.5:11
5 Hexane 92% 4.5:1
6 Toluene 93% 4.5:1

Tablel6 ¢ Preliminary conditions screen

Although little product was observed in methanol (entry 1), pleasinglp wihyl acetate, diethyl
ether and tetrahydrofuran as solvents (entries 2, 3 and 4) rédaetions were efficient and only of
the 4 possible diastereoisomers were obtain@dmoderate to gooddiastereoselectivitiesFurther
screening revealed hexane ardluene to be optimal with respect to both reaction yield and
diastereoselectivity (entries 5 and 6).

Unfortunately, with the sterically hindered gedhalkylated starting materiall@5g, no reactivity

under these conditions in toluene was obser{&themes2).

166a O
(6] YJ\H 167a
O,N o~ <\/\NH2
benzoic acid 179, toluene
O 70 °C, Ny(g), 12 h
195a 196aaa

no reaction

Schemeb2 ¢ Failed attempt at a cascade reaction with gedialkylated compoundl95a

With this proof of principle in hand, variousaction parameters were studied order to optimise

the reaction conditions.
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2.3 Optimisation studies

According to the results obtained in the preliminary solvent screthe nitro-Mannich /
lactamisation cascade of substituted niesters proceeds very efficienthiednversionof 93% in
toluene). However, the stereocontrol of the newly creatstkreocenters wasnoderate and an
optimisation study of the reactiorparameters was undertaken with the aim of improving the

diastereoselectivity.

2.3.1 Temperature screen

The first parameter that was stuell in order to optimise the diastereoselectivity of the nitro
Mannich / lactamisation cascade of substituted nitroestédlawas the temperature. The reaction of
nitroester 194q isobutyraldehydel66a, butylaminel67aand benzoic acid79 was performed at
various temperatures ranging from room temperature (about 20 °C) to reflux in toluene (about 110

°C). The diastereomeriatio was measured bjH NMR spectroscopy on the crude mixture and the
results are presented ifiable2.

166a @
Q \%H 167a
O,N OMe ~ONH, )mffo * ) N_o
benzoic acid 179, toluene oN"  *= O,N
N»(g), 12 h

194a 193aaa-major 193aaa-minor
Entry Temp. (°C) dr
1 RT 451
2 30 °C 4.4:1
3 55 °C 4.0:1
4 70 °C 451
5 90 °C 3.91
6 110 °C 4.5:1

Tablel7 ¢ Effect of the temperature on the diastereocontrol

The desired pyrrolidinond93aaawas formed at all temperatures but the diastereomeric ratio

remained unchanged (within experimental error) through the temperature screen.
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2.3.2 Concentration screen

Next, we investigated the influence of the dilution on the diastereocontrol. A range of seaatias
performed with nitroester194g isobutyraldehydel66a butylaminel67aand benzoic acid 79 at
different concentration in toluene at 70 °C. The diastereomeric ratio was measuréti BYMR
spectroscopy on the crude mixture and the results are presgim Tablel8.

166a O
o \HkH 167a )

O,N OMe ZNONH, N +

”'f\fo 0
ben;(())lccg‘c:ﬁzzgf,1tglgene O,N @ OQNLCQ
194a 193aaa-major 193aaa-minor
Entry Concentration (mol/L) dr

1 neat 3.0:1

2 0.68 mol/L 4.2:1

3 0.34 mol/L 4,5:1

4 0.22 mol/L 4.5:1

5 0.11 mol/L 4,5:1

6 0.05 mol/L 4.6:1

Table18 ¢ Effectof the concentration on the diastereocontrol

The reaction proceeded at all concentrations even in the absence of solvent. Apart from the reaction
under neat conditions (entry 1) which prdeid a lower diastereocontrol (B), the dilution did not

have any effect on the diastereoselectivity and the diastereonratio remained constant at 4.5:

2.3.3 Stoichiometry of the acid

Then, the effect of the stoichiometry of benzoic atitb on the diastereocontrol of the reaction was
probed. A range of reactionwas performed with nitroesterl94a isobutyraldehydel66a and
butylaminel67ain toluene at 70 °C with various quantities of benzoic 4@l The diastereomeric
ratio was measured biH NMR spectroscopy on the crude mixture and the results are presémted

Tablel9.
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O,N OMe ZNONH,

L/V/o o
ben?gi gf:ll\cllzzg).c’l,1tglsene O,N @ OzNLC@
194a 193aaa-major 193aaa-minor
Entry Benzoic acid€q) Time (h) Conversion (%) dr
1 - 12h 18% 6.0:1
2 - 24h 43% 5.2:1
3 0.1eq 12h 56% 5.2:1
4 0.1eq 24h 81% 45:1
5 1.5eq 12h 68% 45:1
6 1.5eq 24h 100% 45:1
7 3.0eq 12h 84% 45:1

Tablel9 ¢ Effect of the stoichiometry of benzoic aciti79on the diastereocontrol

Each reaction was first sampled after an arbitrary period of 12 hours (entries 1, 3, 5, and 7) and both
the convesion and the diastereomeric ratio were measured'ByNMR spectroscopy. Interestingly,

in the absence of benzoic acld@9or in reactions employing a cataly@nount of benzoic acid79

(0.1 eq), the diastereoselectivity seemed to be improved at low cmimes to 6:1 and 5.2:1
respectively (entries 1 and 3). In order to verify these data, the reactions were allowed to proceed
further (43% and 81% conversion respectively) and a second sample was taken after another 12
hours (entries 2, 4 and 6). both reactions, the diastereomeric ratio had decreased, to 5.2:1 and
4.5:1 respectively (entries 2 and 4) to reach the usual ratio. With 1.5 equivalents and 3.0 equivalents
of acid, the diastereoselectivity remained unchanged (4.5:1 dr). It was unettl that the
stoichiometry of the acid did not have a significant influence on the diastereocontrol but that maybe
it was changing with the advancement of the reaction which would explain the higher ratio obtained

in entries 1 and 3.

2.3.4 Diastereomeric raticover time

In order to know if the diastereomeric ratio was changing dirae, a new reaction was set up with
nitroester 1943, isobutyraldehydel66g butylaminel67aand benzoic acid79(1.5eq) in toluene at
70 °C and the diastereomeric ratio was measiuegery 5 min for an hour, than after 4 hours, 7 hours
and 48 hours. The diastereomeric ratio was measuretHo)MR spectroscopy on the crude mixture

and the results are presented Trable20.
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ON OMe “ONH, L?;O o
ben%l(z gf:ll\cllzzg).c’l,1tglsene O,N @ OzNLC@
194a 193aaa-major 193aaa-minor
Ertry Time dr
1 5 min -
2 10 min -
3 15 min -
4 20 min -
5 25 min 4.0:1
6 30 min 5.0:1
7 35 min 5.0:1
8 40 min 5.0:1
9 45 min 4.0:1
10 50 min 4.0:1
11 55 min 4.0:1
12 60min 45:1
13 4 h 451
14 7h 451
15 48 h 45:1

Table201 Diasteromeric ratio overtime

For the first 20 minutes, the diastereomeric ratio could not be measured because the conversion to
the desired productl193aaa was too low. Then, between 25 minutes and 48 hours, the

diastereomeric ratio remained cstant within experimental error.

2.3.5 Conclusion

Neither the temperature nor the dilution or the stoichiometry of benzoic at#® had any effect on

the diastereoselectivity, and the diastereomeric ratio remained constant overtime. The reaction was
also perfemed with chiral phosphoric aciti80 and with various stoichiometry of amink67 and
aldehydel66 and the diastereomeric ratio was not affected by those changes. With optimal reaction
conditions established, onle scope of the reaction and the degreestéreocontrol possible in the

formation of the fully substituted pyrrolidi2-one productss remained to be investigated.
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2.4 Scope of the reaction

24.1 Synthesis of starting material

A range of substituted nitroester$94 were synthesised following the same&opedures used for

194a(Schemes3).”
1) LDA (2 eq.), THF/DMPU o o
JL 78°C &HL P % P
> O,N o O,N 0
O,N o 2) R-Br (1 eq.) 2 R RTR
_7Q 0,
169 78°C1oRT 194 195
0 0 o
O,N o~ osz)ko/ OZN%O/
194a, 73% 194b, 38% 194c, 45%
o o

~ ~
O,N 0 O,N %o
195a, 10-20% 195¢, 10-20%

Schemeb3 ¢ Synthesis ofnethyl 2-alkylated-3-nitropropanoates 6

As seen previously egn-dialkylated productl95cwas isolated as side product of the formation of
194cand as predicted it was unreactive towards a nitdlannich / lactamisation cascade.

With nitroester194acin hand, the scope of the reaction could then be probed.

2.4.2 Preliminary scope

Initially, with nitroesters194ac, we probed the scopef the nitro-Mannich / lactamiation reaction
using 1.5 equivalents respectively of amit®7, aldehydel66and benzoic acid79in toluene at 70

°C. The results are preded in Schemes4.
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o 3
L, R
o R2 H NH2 33 33
166 167 R2, _N R?, N
OZN/\HLOMe L};O + (6]
R benzoic acid 179, toluene L
70 OC, Nz(g) 02N R1 OzN R1
194 193-major 193-minor

(£)-193aaa, 70%, dr 4:1 (¢)-193aab, 76%, dr 5.5:1 (+)-193aac, 71%, dr 3.5:1

MeO MeO MeO
(+)-193afa, 60%, dr 4:1 (+)-193afb, 71%, dr 5:1 ()-193afc, 80%, dr 3:1
MeO
(£)-193bab, 80%, dr >10:1 (£)-193bac, 78%, dr 3:1

(£)-193faa, 73%, dr >10:1 (£)-193gaa, 82%, dr 12:1 (

+

)-1930aa, 80%, dr 11:1

(+)-193eaa, 80%, dr 10:1 (+)-193aba, 64%, dr 3:1

Schemeb4 ¢ Establishing the initial scope of the reaction

The reaction was first performed using isobutyraldehyi#6a and butylaminel67a Pleasingly,
mono-substituted alkylnitroesters194ac, all provided the desired products93aaa 193aab and

193aac Reaction yields averaged 73% and moderate to good dexstelectivities (ranging from
3.5:1 to 5.5:1dr) were obtained. Substituting butylamiri67afor 2-(2-methoxypheryl)ethanamine
167 gave similar results with isobutyraldehyd&9@afa, 193afb and 193afc). In each case, the-2

methyl substituted nitroesterstarting material 194c gave a lower diastereoselectivity than the
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analogous benzyl substituteP4aor ethyl substuted starting materiafl94b. Interestingly, wheip-
methoxybenzaldehyd&66b was employed in the cascade, a significant increase in diastereocontrol
was observed. With ethyl and benzyl substituted nitroesté&db and 194a respectively,the
diastereoselegvity was greater than 10:1. This high level @stereocontrol was maintained with
ortho (193%aa), meta (93gad and paral93bad) substitution aroundhe ring and for electron righ

electron poor {93oa4d) and halide substitutedl@3ead) rings.

2.4.3 Extendedscope

A closer aalysis of thedata fromSchemes4 suggested that the degree of diastereocontrol varied as
a function of the steric demand of the reagent&ccordingly with the aim of impreing the
diastereomeric ratio, stericall demanding methyl -Zopropyt3-nitropropanoate 194d was
synthesisedand another set of pyrrolidinone$93 were synthesised with increasing steric bulk

around the ring $chemess).



CHAPTER-Bynthesis of 1,3;&isubstituted-4-nitropyrrolidinones via a Nitrdlannich / Lactamisation cascade/ 6/ 283

fj\ R3\NH 3 3
7 R21 66 : 167 ’ 2 E 2 E
R?,, R?,,
OZN%OMe L/V,O + (¢}
R! benzoic acid 179, toluene 3
70 °C, Ny(g) O,N R O,N R
194 193-major 193-minor

(+)-193nac, 55%, dr 3.5:1 (+)-193nmc, 55%, dr 5:1

(+)-193rad, 85%, dr 7:1 (+)-193bad, 82%, dr 12:1

S

2

(£)-193nad,70%, dr 23:1 (+)-193aad, 70%, dr 30:1 (£)-193nmd, no reaction

(+)-193amd, no reaction (+)-193tac, no reaction

Schemeb5 ¢ Effect of the steric bulk on the diastereoselectivity

By increasing the steric bulk of the substituents around the ring, it was possible to strongly affect the

diastereomeric ratio from 3.5:1 foll93nac bearing only linear substitues to 30:1 for193aad
bearing two isopropyl groups in the 3 and 5 positions. Whenemethyl 2isopropyt3-
nitropropanoate194d was usedgood to excellent diastereocontrol ranging frofril for 193rad to
30:1 for193aad, was observed. Using the hinderethiae, isopropylaminel67m, also gave rise to
improved dr (5:1 fol931mcvs3.5:1for 193nag), but the reaction wasignificantly slower and when
reacted with 3isopropylnitroester194d no formation of product wasvitnessed {93xmd and

193amd). Using'butyraldehydel166t also failed to preide any of the desired pyrrolidinont93tac

Further studies toexplore the mechanism of the reaction and determine the origin of the

stereocontrol will be performed in chapter Bowever it is worth noting that the reaon with linear
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aldehydes, such as hexaneb6n, proceed in lower yields due to the occurance of an aldol side
reaction. This was an just an hypothesis in chapter 1, but during the formatit@3ofacwe isolated

196 which is the product of an aldol reaati which then underwent a nitrdannich / lactamisation

cascade$chemes6).

/\/13")?\

O H

OZN%OMe AN NH, 1678~ N0, \“I'X_Nj\éo
ON g oN" %

benzoic acid 179, toluene
70 °C, Nx(g), 12 h
194c 193nac 196

Schemeb6 ¢ Evidence of the occurance of aldol side reaction
2.4.4 Extension to the reaction with aglic imines

Extension of the methodology to cyclic iminEs6b and 176b (Figurell) allowed the formation of

multicyclic pyrrolidinone derivativelkr7.

N /N

176b 176d

Figurelli Cyclic imines176band 176d

Imines176band 176d (Figurell) were reacted with nitroester§94ac in toluene with benzoic acid

179at 70&C, and the results are presentedSchemes7.
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U Ar
o ‘\_/Q\l " Ar N

176 T (0]
02N OMe

R toluene, benzoic acid 179 O,N

70 °C, Ny(g), 24 h
194a-c 29) 197

R

(#)-197dc, 59%, dr 5:3.5:1

O,N O,N O2N OoN

(+)-197bb, 44%, dr 6:4:1 (£)-197ba, 90%, dr 2.8:1.1:1

Schemeb7 ¢ Synthesis of fused tricyclic pyrrolidinonel®7

The products197 were formed in slightly lower yields andn poor diastereocontrgl and the

separation of the diastereomeric produgtsovedto be difficult.

2.5 Stereochemistry

The trans/trans relative stereochemistry of the major diastelisomer was unambiguously
determined by single crystal-ddy analysis of compound®93aaaand 1930aa By comparison of the
'H NMR coupling constants, the stereochemistry of the major diastereoisomer of pyrrolidih®Bes
was assigned by analogy. Similarly, theans/cis relative stereockmistry of the minor

diastereoisomers of the reaction was assigned by analogy to thE@3sbawhich was unambigously

determined by single crystalidy analysis

2.6 Conclusion

In summary, an efficierdiastereoselective nitrdlannich /lactamisationreaction cascade of methyl
2-alkyl 3-nitropropanoate 6 with imines generatedn situ has been developedScheme68). This
versatile extension ofthe work reported in the previous chapter now allows direct,

diastereoselective preparationf 1,3,5trisubstituted 4nitropyrrolidin-2-one derivatives193. The
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diastereocontrol was found not to be affected by the reaction parameters (temperature, dilution,
stoichiometry and nature of the acid) and to remain constant over time. However, fustioeiies
revealed that the diastereoselectivity increased strongith the steric bulk on thesubsituents. The
methodology has also been extended to the reaction with cyclic imiésto give rise to fused

tricyclic pyrrolidinoned.97in good yields but gor diastereoselectivities.

0]
N ° o YJ\H Bu-NH,
L}é 1764 _ 166a  167a . N
’ )
/ ~———————— O,N o]
O,N :@ benzoic acid 179 benzoic acid 179 /
toluene, 70°C, 6 h toluene, 70 °C, 4 h O:N ‘Q

(£)-197da 194a (+)-193aaa (70%, dr 4:1)
(75%, dr 2:1.6:1)

1 of 4 examples 1 of 22 examples
67% average yield 73% average yield
average dr > 5:1 dr from 3:1 to 30:1

Schemes8i1 Summary

It is noteworthy that this extension of the nitfglannich / lactamisation cascade strongly broagen

the scope of the synthesis of pyrrolidbones.
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3.1 Context

In the first chapter, the development of a new methodology for the direct and efficient
diastereoselectivesynthesis oftrans 4-nitropyrrolidinones 172 and 177 via a nitro-Mannich /
lactamisation cascade between methyinBropropanoate 169 and an imine formedin situ or

otherwise was describegbchemes9).

o
166b
@AH e
N o Bu-NH, ", N
o 176d ~o 167a ” 0
< /\)J\O/

) ) O2N —
O,N chiral acid (+)-180 benzoic acid O,N
(2)-177d (75%, dr 7.5:1) 101 70°C,6h 169 Tol, 70°C, 4 h (+)-172ba (87%, dr > 98:2)
1 of 4 examples 10f 29 examp!es
80% average yield 65% average yield
average dr > 5:1 average dr > 98:2

Schemes9 ¢ Diastereoselective synthesis of monocyclig2and fused tricyclicl 77 pyrrolidinones

In the following chapter,this methodology was extended to the reaction with methyl 2
alkylsubstituted3-nitropropanoate6 to allow the formation of fully substituted pyrrolidinondsand

177e-h (Schemer0).

o}
N o o \HJ\H Bu-NH,
LF 176d 166a  167a ., N

e

0
/ 0
O,N ‘Q benzoic acid 179 benzoic acid 179 )/\)ﬁ
toluene, 70°C, 6 h toluene, 70 °C, 4 h O3N 24@

(£)-197da 194a (+)-193aaa (70%, dr 4:1)
(75%, dr 2:1.6:1)

1 of 4 examples 1 of 22 examples 73% average yield
67% average yield dr from 3:1 to 30:1
average dr > 5:1

Scheme70 ¢ Diastereoselective synthesis of fully substituted pyrrolidinon&83 and 197

In order to extend this work even further, we proposednvestigate the synthesis of pyrrolidinones
with others substitution pattems, then to demonstrate their synthetic utilitia a range of functional
group modificationsand finally to investigatehie possibility of forming 4, 6, 7 and 8 membered rings

using a similar methodology.
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3.2 Various substitution patterns

In the first two chapters we studied the substitution on the 1, 3 and 5 positions around-the 4
nitropyrrolidinone ringsvia a nitro-Mannich /lactamisation cascade. We demonstrated that the
reaction was extremely broad in scope and could tolerate a wide variety of functional groups.
However, it could be argued that two crucial examples were missing; the ones where the 1 and 5
positions are suliguted by hydrogen atomssee for example BSubstituted4-nitropyrrolidinones

198 and Xsubstituted4-nitropyrrolidinones199 respectively Figurel?). Also, we believed it would

be interesting to attempt the cascade with a mekh3-alkylsubstituted3-nitropropanoate, as if

successful 1,4;Fisubstituted-4-nitropyrrolidinones200would be formed Figurel2).

RZ R2

H | |

Rl _N H . N
O,N O,N ON %3
198 199 200

Figurel2 ¢ New target molecules

3.2.1 Firsttarget: 5-substituted-4-nitropyrrolidinones 198

In order to synthesise -Substituted4-nitropyrrolidinones 198, the nitro-Mannich / lactamisation
cascade had to be perforrdewith an equivalent of ammonias the amine. Although it may look like
trivial, itturned out to be a difficult transformation and a long battle to concede the desired product.
A first test reaction was done with ammonium acet2@l (5.0 eq) and isobutyraldehyd&66a(1.5

eqg) under our optimised cascade conditions: nitroesi&9 (1 eq), benzoic acid.79 (1.5 eq) and

toluene (0.25 mol/L)§chemerl).

(0}
\H’LH NH,OAc .
] 166a 201 ) N
~ A S PO
O,N OMe
toluene, benzoic acid 179 O,N

70 °C, Ny(g), 12 h

169 198a, no reaction

Schemer1 ¢ Attempted nitro-Mannich / lactamisation cascade with ammonium acetate
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Unfortunately, under hese conditions, none of the desired proddd@8a was isolated. It appeared
that changing primary amineks67 for an ammonium salt was modifying the reactivity of the system
and a solvent screen was undertaken.

Several reactions were performed with nitrdes 169, isobutyraldehydel66a ammonium acetate
201and benzoic acid79at 65 °C in various solvents ranging from polar protic to apolar apiidtie
yields and the diastereomeric ratios were measuredlyNMR spectroscopy on the crude mixture

and the esults are presented ihable21.

o

Y&H NH,OAc ) ’
o) 166a 201 o, N
OZN/\)]\OMe j\fo
solvent, benzoic acid 179 O,N
169 70°C. Ny(g). 121 198a
Entry Solvent 'H NMR yield 0fl98a(%) dr
1 Water - -
2 MeOH 66% > 082
3 EtOH 34% > 982
4 CHCN 33% > 982
5 THF 38% > 982
6 DMF Traces -
7 DMSO Traces -
8 CHd 26% > 082
9 Toluene - -
10 Hexane - -

Table21i Solvent screen

Although no product was observed in apolar aprotic solvents such as toluene and hexane (entries 9
and 10), pleasingly with polar aprotic solvents sustiedrahydrofuran and acetonitrile (entries 4 and

5), the reactions were efficient and diastereoselective. Further screening revealed methanol to be
optimal with respect to both reaction yield and diastereoselectivity (entry 2).

The reaction was repeatedn 100 mg scale in methanol and the desired pyrrolidind8&8a was
isolated in 28% vyield. Clearly the reaction required some further optimisation.

Six experiments were set up to test the influence of various parameters on the reaction. The results

are preented inTable22.
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o}
\HJ\H NH4R ) y
O 166a v, N
OZN/\)J\OMe Lfo
MeOH O,N
169 60 °C, Nx(g), 12 h 198a
Entry Ammonia 166a Concentration Benzoic acid Conversion
(eq) (eq) (mol/L) 179 198a (%)
1 NH,OAc201(5.0eq) 1l.5eq 0.25 mol/L - 85%
2 NHHCQ202 (5.0eq) 1.5eq 0.25 mol/L - 57%
3 NH,OAc201(5.0eq) 5.0eq 0.25 mol/L - 99%
4 NH,OAc201(5.0eq) 1.5eq 0.75 mol/L - 92%
5 NH,OAc201(5.0eq) 1.5eq 0.25 mol/L 1.5eq 75%
6 NH,0Ac201(1.5eq) 1.5eq 0.25 mol/L - 54%

Table22 ¢ various

Replacing mmonium acetate201 (entry 1) for ammonium format@02 (entry 2) resulted in a strong
decrease of the conversion, measured by NMR spectroscopy, after 12 hours. The yield was also
reduced by lowering the quantity of ammonium acet&@l from 5.0 equivalats to 1.5 equivalents
(entry 6) or adding 1.5 equivalents of benzoic atid® (entry 5). Pleasingly, increasing the
stoichiometry of isobutyraldehyd&66afrom 1.5 equivalents to 5.0 equivalents or increasing the
concentration of the reaction mixture enbdal the formation of pyrrolidinond98ain 99% and 92%
conversionrespectively (entries 3 and 4). However, the isolated yields were always significantly
lower than the conversion observed By NMR spectroscopy and the product was suspected to be
affected by the reaction temperature. Accordingly, a temperature screen was undertaken and the

isolated yields are presented Trable23.

0
W)J\H NH,OAc
H
o) 166a 201 )
N o
O,N OMe
MeOH, Ny(g) O,N
169 198a

Entry  Temp. €C) MeOH (mol/L) Time Isolated yield 0f198a (%)

1 RT 0.25 mol/L 6 days 76%
2 35aC 0.25 mol/L 6 days 55%
3 55¢C 0.25 mol/L 30 h 68%
4 70C 0.25 mol/L 8h 40%
5 RT - 6 days 35%

Table23 ¢ Temperature screen
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As expected, the isolated yield increased with decreasing temperatndethe desired producla

was isolated in 40% vyield at 70 °C (entryvBjsus76% vyield at room temperature (entry 1).
Nevertheless, at room temperature the reaction required a long reaction time of 6 days. A
temperature of 55 °C was considered to pravign acceptable compromise between the efficiency
of the reaction and the reaction time: 68% yield after 30 hours (entry 3).

Upon scale up and under our optimised conditions we were delighted to find that the reaction of
nitroester 169 (1 eq) with isobutyaldehyde 166a (5 eq) and ammonium acetat201 (5 eq) in

methanol (0.5 mol/L) at 55 °C provided pyrrolidindré8a in 80% yield after 24 hour§¢hemer2).

166a Q
H NH OAc
o 201 ) H
5eq. 5 eq. o
oZNVkOMe ©ea) ©ed) L/v/
MeOH (0.5 mol/L), 55 °C, N(g) O,N
169 198a, 80% yield

Schemer2 ¢ Optimum reaction conditions for the cascade with ammonium acetate

This was clearly a step forward and we were ready to move on to our next targabstituted4-

nitropyrrolidinones2.

3.2.2 1-substituted-4-nitropyrrolidinones 199

With the aim of forming pyrrolidi-2-ones 199 bearing only hydrogen atoms in the 5 position,
formaldehyde9 had to be utilise as the aldehyde of the cascade reaction. Formaldehgxists
under two forms: as the polymer pafarmaldehyde9a or as a 37% solution in wat8b. In order to
assess the reactivity dda and 9b to a nitro-Mannich / lactamisation cascade and to select the best
reagent, two separate solvent screens were undertaken.

A first solvent screen was done to probe the reactivity of garmaldehyde. The reaction of
nitroester 169 (1 eq) with paraformaldehyde9a (1.5eq), butylaminel67a(1.5eq) and benzoic aicd

179 (1.5eq) was performed at 65 °C in a wide variety of solvents ranging from polar protic to apolar

aprotic (Table24).
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(@]
S T S
O=N OMe solvent, benzoic acid 179 Hﬁ
65 °C, Ny(g), 12 h O2N
169 199a

Entry Solvent 'H NMR vyield ofl9% (%)

1 Water -

2 MeOH -

3 EtOH -

4 CHCN traces

5 THF 50%

6 DMF -

7 DMSO traces

8 CHd 50%

9 Toluene -

10 Hexane -

Table24 ¢ Solvent screen with pardormaldehyde9a

The crude reaction mixtures were analysed 'y NMR spectroscopy and pyrrolidinod®9%: was
observed only in two reactions: with acetonitrile and chloroform, and in both cases the conversion
had reached 50% after 12 hours (entries 5 and 8). Those twoioeacivere repeated and the
conversion monitored by TLC. After 24 hours, both reactions had reached full conversion and the

crude products were purified by flash column chromatograprghb{e25).
(0]

° HJLH _ BuNH, \% H

N
H o
9a 167a N o) + H
OzN/\)J\OMe — H
solvent, benzoic acid 179 O.N
2 N‘H

65 °C, Ny(g), 12 h O2N
Bu
169 199a 203
Entry Solvent Isolated yield (%) 1994 203
1 THF 63% 203only
2 CHd 99% 1:1

Table25 ¢ Reaction in tetrahydrofuran and chloroform

From reaction in tetrahydrofuran, only one product was isolated in 63% yield which, after fall dat
analysis, was determined to m®mpound203, the product of a double nitrdMannich reaction and a
lactamisation (entry 1). The reaction in chloroforf@entry 2) provided a 1: mixture of desired
product199aand side produc203in 99% yield.

A second seknt screen was done to probe the reactivity of the 37% solution of formalde@lydie

water. The reaction of nitroestet69 (1 eq) with formaldehydebb (1.5 eq), butylaminel67aand
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benzoic acidlL79 was performed at 65 °C in a wide variety of solventgiag from polar protic to

apolar aprotic. The conversion was measuredtNMR spectroscopy and the results are presented

o HJ\H Bu-NH, .

9b 167a (6]

solvent, benzoic acid 179
65 °C, Nx(g), 12 h
169 199a

in Table26.

Entry Solvent Conversion ofL9% (%)
1 Water -
MeOH -
EtOH -
CHCN 62%
THF 31%
CHdQ -
Toluene 90%
Hexane -
Table26 ¢ Solvent screen with formaldehyd8éb (37% in water)

~NOoO o~ wWN

0o

The crude reaction mixtures were analysed'By NMR spectroscopy and pyrrolidinod®9%: was
observal in three reactions: with acetonitrile, tetrahydrofuran and toluene, in 62%, 31% and 90%
conversions respectively after 12 hours (entries 4, 5 and 7). The two best reactions were repeated
and the conversion monitored by TLC. After 24 hours, both reactiadgseached full conversion and

the crude products were purified by flash column chromatogragtablé 27).

o \
L BuNH, \% H

[e) H H

H
9b 167 N + H o
OzN/\)J\OMe solvent, benzoic acidj79 Hﬁo v
: O,N
65 °C, Ny(g), 12 h O.N NH
Bu
169 199a 203
Entry Solvent Isolated yield (%) 199a/203
1 CHCN 10% >30:1
2 Toluene 33% > 31

Table 27 ¢ Reaction in acetonitrile and toluene

Pleasingly, in acetonitrile and toluene only the desired pyrrolidinb®8a was formed in 10% and
33% vyields respectively and the side prodd68 was not observed (entries 1 and 2). Awtingly,
reaction in toluene with formaldehyd®b (37% in water) was selected for the rest of the

optimisation studies.
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Further experiments were undertaken to probe the effect of the stoichiometry and the presence of

benzoic acid. 790n the reaction. Theesults are presenteth Table28.

: 4
L BuNH, \% H

&)?\ : 9bH 167a AN o + H "o
ON OMe toluene Hﬁ OZH
65 °C, Ny(g), 12 h O,N "!é"u
169 199a 203
Entry Butylamine 9% Concentration Benzoic acid.79 yield (%)
(eq) (eq) (mol/L)
1 1.5eq 1.5eq 0.25 mol/L - bis
2 1.5eq 1.5eq 0.25 mol/L 1.5eq 33%
3 5.0eq 5.0eq 0.25 mol/L - Bis
4 0.8eq 0.8eq 0.25 mol/L - Bis

Table28 ¢ Optimisation of the stoichiometry of the reagents

Interestingly,the presence of benzoic acitir9 proved to be crucial for the formation of desired

product199a and another screen waserformed in the presence of 1.5 equivalents of benzoic acid

179(Table29).
o HJLH Bu-NH, oo
9b 167a o
OZN/\AOMe toluene, benzoic acid 179 Hﬁ
65 °C, Ny(g), 48 h 2N
169 199a
Entry Butylamine €q) 9% Concentration Yield19%a (%)

(eq) (mol/L)
1 1.5eq 1.5eq 0.25mol/L 48%
2 1.0eq 1.0eq 0.25 mol/L 37%
3 0.8eq 0.8eq 0.25 mol/L 31%
4 1.5eq 1.5eq 0.12 mol/L 60%
5 1.5eq 1.5eq 0.75 mol/L 30%

Table29 ¢ Optimisation of the stoichiometry and the concentration

The overall progression dhe reaction was found to decrease with decreasing equivalents of
formaldehyde9b and aminel67afrom 48% with 1.5 equivalents of the imine to 31% conversion with
0.8 equivalents (entries-3). However, the reaction proved to perform better at higher tions
(entry 4) than at lower ones (entry 5).

Another screen was undertaken to investigate further the influence of the dilution and the

temperature on the reaction efficiency and selectivity. The reaction of nitroes8&r (1 eq) with
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formaldehyde9b (1.5 eq), butylaminel67aand benzoic acid79 (1.5 eq)was performed in toluene

with different concentrations and temperature. The results are presentelthinie30.

: 4
L BuNH, \% H

o H™ H H N
9% 167a N_o + H 0
OZN/\)J\OMS benzoic acid 179 Hﬁ OZH
toluene O,N NH
Na(g), 12 h Bu
169 199a 203
Entry Temp. €C) Concentration 'H NMR yield 1994203
(mol/L)
1 55¢C 0.25 mol/L 24% 201
2 55¢C 0.12 mol/L 61% 1.2:1
3 55¢C 0.06 mol/L 63% 1.0:3
4 70aC 0.12 mol/L 85% 25.01

Table30 ¢ Optimisation of the temperature

It was confirmed hat higher dilution increased the overall reaction yield; however, it also favoured
the formation of side produc03. Indeed, at a concentration of 0.25 mol/19%9% was the major
product formed in a 2 ratio (entry 1), at 0.12 mol/L, both product weretrited in quasi equimolar
quantities (entry 2) and at 0.06 nmib| products were formed in a 3:ratio in favour of the side
product 203. Interestingly, increasing the temperature from 55 °C to 70 °C resulted in a strong
selectivity bias for the desired produl99, which was isolated in a Zbratio at 0.12 mol/L (entry

4). By assuming that the nitrMlannich reaction is reversible, at high temperatures the side product
203is probably entropically unfavoured and mainly the desired prod9&a is formed.

Pkasingly, under our optimised conditions and upon scale up, the reaction of nitrob88awith
formaldehyde9b (1.5eq) and butylaminel67a(1.5eq) in toluene (0.12 mol/L) at 70 °C, with a large
excess of benzoic acid €§) performed smoothly an@awas isolated as the major compound in the
reaction (25:1 selectity) in a very good yield (75%9dhemer 3).

o]
)LH Bu-NH,

(@] H ob H N
167a o
O,N /\)J\OMe — Hﬁ
benzoic acid 179 (5 eq.) O.N
toluene (0.12 mol/L) 2

Ny(g), 70 °C, 20 h )
169 199a, 75% yield

25:1 chemoselectivity

Schemer3 ¢Optimum reaction conditions for the cascade with foraldehyde 7b (37% solution in water)
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We had now successfully synthesised 2 of our 3 targets and there was one further substitution

pattern we wanted to investigate, the-ditropyrrolidinone200substituted in the 4 position.

3.2.3 1,4,5Trisubstituted-4-nitropyrrolidinones

The products of a nitrddannich reaction bearing a quaternary centre alpha to the nitro group, has
been reported in the literature. Indeed, in the introduction, we described the fAiiamnich reaction
of N-protected imine with'butyl-2-nitropropionate56 i 2 ¥ #iMd¥ -afino esters discovered by

Jorgensert; Shibasakf and Ool’ independently Schemer4).

PG O,N, Me
N~ NO, {__CO,Et
)l\ * )\ [BUOZC>\:/ ’

R” “H Me”~ ~CO,/Bu HN
PG

N
OMe
57 (5 mol%) 44a (20 mol%) 76 (5 mol%) 102 (1 mol%)
Jorgensen Shibasaki Ooi
Product: 85% yield Product: 67-96% yield Product: 95% average yield
14:1 dr, 98% ee 10:1 dr, 91-99% ee 2:1to5:1dr

90% and 98% average ee

Schemer4 ¢ Formation of quaternary centers alpha to the nitro gop via Nitro-Mannich reaction

Accordingly we believed that if we could synthesiseabstituted nitroester204, their subsequent
reaction with an aldehydé66 and an aminel67 via a nitro-Mannich / lactamisation cascade could,

in theory, lead to the desid pyrrolidinone200(Schemerbs).

3
J\ R\NHZ

R1 0 R2 H R3

166 167 2 N
oA ome R,

204 200

Schemer5 ¢ Proposed nitreMannich / lactamisation cascade with methyl-8lkyl-3-nitropropanoate 204

®Knudsen, K. R.; Jargensen, KOk BiomolChem2005, 3, 1362.
®Chen, Z.; Morimoto, H.; Matsunaga, S.; Shibasaki, Mm. Chem. S&008 130, 2170.
" Uraguchi, D.; Kshimoto, K.; Ooi, T. Am. Chem. S®008 130, 10878.
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This approach required, prior toglreaction cascade, the synthesis edilRy}t3-nitropropanoate204.

This was achieved in a similar fashion as for the synthesis of mettitybfropanoatel69, in three

&0 SLJa T NERngatuiatédSaldéhyde precurs@05. Crotonaldehyde?205a, trans2-hexen1-al

20% and cinnamaldehyd@05c> G KNB S O2 Y Y S Ndifsaturate@ aldehgde Ankere @sédS h X |
as starting materials. The nucleophilic addition of nitrite to aldehy2@s followed by a Pinnick

oxidation and finally an esterification reaction aalled the formation of methyl 3nethyl3-
nitropropanoate 204a in 12% overall yield and methykrtro-3-"propylpropanoate204b in 4%

overall yield $chemer6). Unfortunately, none of the methyl-8itro-3-phenylpropanoate204c was

isolated, agthe more conjugated starting material is probably less reactive.

0 1) NaNO,, AcOH, THF / water

R (@]
2) NaClO,, Hy0, CH3CN, NaH,PO,
A om ™ Aowe

3) MeOH. H,S0,

205 204
O,5N OMe O,N OMe O,N OMe
204a, 12% yield 204b, 4% yield 204c, no reaction

Schemer6 ¢ Synthesis of methyl &lkyl-3-nitropropanoate 204a and204b

The overall yields of the reactions were low,thibe desired product204a and 204b had been
isolated in sufficient quantities to attempt the nitfdannich / lactamisation cascade.
The attempted cascade reactions of nitroeste®)4a and 204b were performed with
isobutyraldehydel66a(1.5 equivalents), litylamine167b (1.5 equivalents) and benzoic adid9 (1.5
equivalents) in toluene at 70 °Sdhemer7).
166a Q
R o %H 167a \H
/\/\NHZ )“, N

O,N )\)J\OMe >

benzoic acid 37 O.N
toluene, 70 °C, Ny(g) 2V R
204 200

0]

Schemer7 ¢ Attempts at a nitroMannich / lactamisation cascade Wi methyl 3-alkyl-3-nitropropanoate 204
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Both reactions were allowed to stir for seven days, but no reaction could be observed and only the
starting materials were recovered after purification by flash column chromatography. We believe
that the lack of reativity of this system is due to steric hindrance and this will be detailed in chapter

5 which describes our mechanistic investigation.

3.3 Synthetic utility of the nitroMannich product

In chapters 1 and 2 and the beginning of this chapter, different methaete Weveloped to enable

the efficient and easy synthesis ofndtropyrrolidinones with a wide variety of substitution patterns

in the 1, 3 and 5 positions. Pyrrolidkones, as such, are interesting motifs which are recurrent in
both natural product and iblogically active compounds. In addition, the presence of a nitro group
and a carbonyl group allows the possibility of further functional group modifications leading to an
even broader range of compounds; the nitro group can be reduced to the corresgparime or be
removedviaa radical reaction and the lactam carbonyl can be reduced to the amine.

First, a series of functional group modifications around the Riyorolidin2-one ring will be
performed to emphasise the importance of our method in thentext of a total synthesis or of a

library synthesis. Then, studies towards the total synthesis of crisp80avill be reported.

3.3.1 Functional group modificatioraround the ring

The reductions of a nitro group and of a lactam carbonyl have been reportishémdently.
However it would be interesting to see if we can reduce them selectively, sequentially and
simultaneously.

The reduction of lactam carbonyl group by sodium borohydride and boron trifluoride in THF at 40 °C
has been reportedHowever, we did nbknow if these conditions would be inert to the nitro group
and, accordingly, tests reactions were undertaken on threedisGbstituted nitrepyrrolidinones

172v, 172avand172ra bearing different substituent in the 1 and 5 positiosclemer8).
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iy Rz
Rl N0 NaBH, BF; THF o i
THF, 40 °C
ON (1) O:N (4
172 206

T AL

. S A
O:N (4 ON (4 ON ()
206a, 28% vyield 206b, 33% yield 206¢, 33% yield

Scheme78 ¢ Selective reduction of the carbonyl of lactanig2

Pleasingly, the carbonyl group was indeed successfully reduced in the presence of the nitro group
and 1,2disubsttuted-3-nitropyrrolidines 206a, 206 and 206c were isolated by flash column
chromatography in unoptimised 28%, 33% and 33% vyield respectiVkty.products were fully
characterised and the presence of the nitro group was unambiguously confirmedCbyWMR
spectroscopy and infrared spectroscopy.

Further reductions of the previously synthesisediopyrrolidines206 with nickel boride, formed

from the reaction of nickel chloride hexahydrate and sodium borohydride in ethanol at &€ w

attempted Schemer9).

]
N

Z—A
[}

NiCl,.6HO, NaBH,

1 1
R, RY.,

EtOH, 0 °C
OoN (1) HoN- (4

206 207

v

0L 0k y
HoN (4 HoN (4 HoN (%)
207a, 60% yield 207b, 82% yield 207c, 76% yield

Scheme79 ¢ Reduction of the nitro group to the corresponding amin@87

We were delighted to find that the nitro group ofr8tropyrrolidines206a-c were reduced eftiently

to the corresponding pyrrolidine amine207a-c in 60%, 82% and 76% unoptimised vyields
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respectively. Interestingly, the simultaneous reduction of the nitro group and the lactam carbonyl of
172with lithium aluminium hydride failed to form any ofdlcorresponding product207.

However, the nickel boride reaction conditions allowed the selective reduction of the nitro group of

pyrrolidinone 172aaselectively in the presence of the lactam carbonyl in 80% yalfbrm 208

s s

(SchemeB0).

NiCl,.6HO, NaBH
)”“ N o 2 4 )“” N (o)
EtOH, 0 °C
OoN (4 HoN ()
172aa 208, 80% yield

SchemeB0 ¢ Selective reduction of the nitro group in the presence of the lactam carbonyl

We had successfully reduced the nitro group and the lactam carbonyl selectively and sequentially

We then attempted the reductive removal of the nitro group with AIBN angSBH in refluxing

[ ,78

toluene, using a modification of the Opootocol,™ on pyrrolidinonel93aaa(Schemesl).

s s

AIBN, BuzSnH
)/,,,SNjO 3 ),/,(i\ﬁo
dry toluene, reflux
O,N Bn Bn
(%) (+)
193aaa 209, 90% yield

SchemeB1 ¢ Reductive removal of the nitro group

Pleasingly, this was successfully adoedzytl-butyl-5-isopropylpyrrolidin2-one 209 was isolated in

an excellent yield (90%).

3.3.2 Attempted application to the synthesis of natural product Crispin

In 2002, a new indolidine alkaloid known as crispl® 130 (Figure13) was isolated fronCarduus
crispus a popular invasive plant occurring in Asia and geyavhich was found to exhibit good

antitumor activity against SKOMBB and HelLa human cancer lines.

®0no, N.; Miyake, H.; Tamura, R.; KajTétrahedron Lett1981, 22, 1750.
" |solation: Zhang, Q.; Tu, G.; Zha, Y.; Chefgtfahedror2002 58, 6795.
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Figurel3¢ CrispinA

The fused tricyclic pyrrolidine structure of crispirt20 made it a perfect target to demonstrate the
utility of the previously developed tno-Mannich / lactamisation cascade with preformed cyclic
imines. This would represent a nice addition to our work. In theory, crisgiB0&ould be formed in
three steps from methyl nitropropanoatd69 and cyclic iminel76c¢ First a nitreMannich /
lactamisation cascade would enable the construction of the fused tricyclic core structul@7af

then reductive removal of the nitro group and subsequent reduction of the lactam carbonyl would

give rise to crispin A30(SchemeB2).

(0) (0) (0)
- Reduction - Hydrodenitration -
p——
\O N f—— \O N o \O N o

crispin A 210 177c

Nitro-Mannich
lactamisation
cascade MeO 0

N
N
— * ~ o
MeO O,N 0

176¢c 169

SchemeB2 ¢ A three stepretrosynthesis of crispin A

6,7-Dimethoxy3,4-dihydroisoquinoline  176¢° was synthesised in 2 steps from
dimethoxyphenylethylamine211 via a BischleiNapieralski reaction.Then, a nitreéMannich /
lactamisation cascade with methyirtropropanoate169was achieved in 77% yield and the desired

pyrrolidinonel77cwas formed with a diastereomeric liatof 21 (Scheme33).

8\warrener, R. NTetrahedronl998 54, 7485.
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(0]

MeO )k MeO
m H” “OEt PPA, CH3SO3H
NHy, ———— > HN - .
MeO 2 MeO

reflux >:o toluene, reflux
H

211 212

o}

oo~

169
MeO N ~o N

benzoic acid 37

L/V/O
toluene, 70 °C

O,N
176¢, 64% over 2 steps 177c, 77% yield
on 10 g scale dr 2:1

SchemeB3 ¢ Synthesis of fused tricyclic pyrrolidinonk77¢c

The reductive removal of the nitro group of nitropyrrolidinod&7c with AIBN and BisnH was

attempted several times but unfortunately, pyrrolidino2&0was never fomed Schemed4).

N AIBN, Bu;SnH !
™o o —A— "o ©
toluene, reflux

35¢c 210, no reaction

SchemeB4 ¢ Failed attempts at a reductive removal of the nitro group

The reason for this lack of reactivity was unclear but instead of investigafingher it was deided
to first reduce the lactam carbonyl and then to attempt the reductive removal of the nitro group
afterwards. Several conditions to reduce the carbonyl group of pyrrolididoirewere attempted

and the results are presented Trable31.

177¢c 213
Entry Conditions Yield 0f213(%)
1 Hantaschester, T$0, CHCL -
2 NaBH, BR.THF, THF -
3 NaBH, b, THF -
4 BH;, THF -
5 RhH(CO)(PR)B, PhSiH, THF -
6 RhCI(PP)s, PhSiH, THF -

Table31¢ Failed attempts at reducing the lactam carbonyl



CHAPTER 3- Extension of the Methodologies and Synthetic Applications 97/283
Strangely none of the reagent systems trialled provided any of the desired pyrrokdidend
therefore a less direct approach was attemptebhe reaction of nitrgpyrrolidinone 177c¢ under
classic Nef conditions was hoped to provide pyrrolidind@iel bearing two carbonyl moieties
(SchemeBb). If this was successful we could envisage a sequential reduction of the KeiaaéNolf
kishner reactiorfor example) and then of the lactam carbonglnumber of typical conditions were
tried and one is presented iBchemess.
0O Na,Cr,07.H,0 _0O
~
O,N Zn powder o

177c 214, no reaction

SchemeB5 ¢ Failed attempt at a Nef reaction

Unfortunately, all the conditions tried for the Nef reaction failed to form the desired pro@det
Clearly fused tricyclic pyrrolidinonel77c had some weird and unexplained lack of reactivity.
Completing the total synthesis of crispin A would have beemrs mice addition to our work on
nitro-Mannich / lactamisation cascades; however considering the simplicity of the target, we

decided, for cost effective reason to stop our effort towards the synthesis of crispa®.A

3.4 Attempts at extending the method tat, 6, 7 and 8 membered
rngs

Finally, the optimised reaction conditions developed for the synthesis of nitropyrrolidingiaes

nitro-Mannich lactamisation cascade were attempted on various nitroesters with different carbon

chain length to form the corrg®nding 3nitrocyclobutanr2-one 2153, 5-nitropiperidin-2-one 215b,

6-nitrocyclohepten2-one 215cand 7nitrocyclocten2-one 215d (SchemeB6).
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O
OZN\(\/))J\ N
OMe
n benzoic acid 179 n
toluene, Ny(g) NO,
N
N N N /Ji:(\;jfj
NO, O,N

NO, O,N

215a 215b 215¢ 215d

SchemeB6 ¢ Failed attempts &the synthesis of 46,7 and 8 membered ringyrrolidinones215

In all cases the reaction failed to provide any of the desired prod2ids, 215b, 215cand 215d. A
wide solvent screen was undertaken to trydasynthesise215a but it was never formed. tAthis
point, other projects became a priority and we never came back to it. However, we believe that it
would be some interesting work for the future, and especially the synthesisroémibered ring

215c

3.5 Conclusion

In this chapter, the nitrévlannich / hctamisation cascade d69was developed further to allow the
rapid synthesis of fsopropyt4-nitropyrrolidin-2-one 198a from reaction with ammonium acetate
201 and 1butyl-4-nitropyrrolidin-2-one 199 from reaction with formaldehyd®b (37% solution in

water) Schemed?7).

166a O

o
H\% HJLH Bu-NH, %H N|14<3Ac ) i
N o] N
Hﬁo 9b 167a L (5eq)  (5eq) S\fo
O,N o~

benzoic acid 179 (5 eq.) MeOH (0.5 moliL) ON

0,
199a, 75% yield toluene (0.12 mol/L) 169 55°C. Nx(9) 198a, 80% yield
25:1 Chemoselectivity Nz(g) 70°C. 20 h

SchemeB7 ¢ Further extension of the nitreMannich / lactamisation cascade

In addition, the synthetic utility of the nitrpyrrolidinones formed was explified through various

functional group modifications. The selective reduction of the lactam carbonyl was performed in the
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presence of the nitro group, the reduction of the nitro group to the corresponding amine was
achieved successfully in the presence absence of carbonyl group and the nitro group was

successfullygmoved under radical conditionsS¢hemes8).

N

|
R, N R, N ) N_o ) N_o
Y s e oy
H
OoN (4) HoN - () HoN- (1) () H Bn
206, 31% average yield 207, 73% average yield 208, 80% yield 209, 90% yield

SchemeB8 ¢ Various functional group modifications
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4.1 Context

In chapter 1, we described the first nitMannich / lactamisation cascade forefsynthesis ofrans
1,5disubstituted 4nitropyrrolidin-2-ones, and in the following chapters, this work was extended to
the synthesis of pyrrolidinones with various substitution patterns: XBsbibstituted 4
nitropyrrolidin-2-ones (chapter 2), Subsituted 4-nitropyrrolidin-2-ones and 3Isubstituted 4
nitropyrrolidin-2-ones (chapter 3). In order tadvancethis work further, we decided to investigate
an enantioselective version of our nitMannich / lactamisation cascade for the synthesis of
enantiomeically enriched (enantioenriched) pyrrolidiones.

As seen in the introduction, various methods have been developedthe past 30 years to perform
enantioselective nitreMannich reactions. These methods involved either the use of organometallic
catalysts or organocatalysts and the products can be obtained with excellent degfeboth
diasterec and enantiocontrol. However, the scope of the reaction with respect to the imine is, in
many cases, very limited. Nevertheless, there are no examples Iigrature of an enantioselective
nitro-Mannich / lactamisation cascade and, in this chapter, we describédhadlsof our studies on

this subject.

4.2 First approaches

4.2.1 Use of enantiopure chiral amines

The first reaction attempted, to form an enantioenrich@yrrolidin2-one, employed enantiopure
(9-1-phenylethanaminel67o in order to induce stereocontrol in the reaction cascade towards

172a0 (Scheme39).
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166a O
YLH 1
o H,N" >Ph )

-/ (S)1670 0
O,N /\)J\OMe

toluene, benzoic acid O,N
169 70 °C, No(g) 172ao0

SchemeB9 ¢ Useof an enantiopure chiral amine in the nitrdlannich / lactamisation cascade

Unfortunately, the reaction of methyl-8itropropanoate169 with isobutyraldehydel66aand §-1-
phenylethanaminel670 under our optimised conditions failed to provide any of thesiled product
172a0, even after it was allowed to stir for several days. We believe that the reafztimd due to
the steric hindrancef the amine (see chapterdnd chapter 5.

Although dsappointing,our primary objectivewas to develop an enantiosadtive reaction withan

achiral nitroesteranaldehyde andanamine, and to induce chirality with a chiral catalyst.

4.2.2 Broad catalyst screen on a model system

In order to develop an enantioselective version of our rtannich / lactamisation cascade fdre
synthesis of pyrrolidinones, we decided to select a model system, bearing UV active mokedisen(

to assist analysis of the product B\PLC), and to perform the reaction in the absence of benzoic acid
but with various catalysts. Accordingly, nitroesi69, benzylaminel67b and p-anisaldehydel66b
became our reagent system of reference for this study.

First, pyrrolidinonel72ao was synthesised in 70% vyield as a racemic mixture, usingreuiopsly

optimised conditiongScheme90).

Scheme90i Synthesis of (+)172a0

With the racemic producil72aoin hand andthe proper conditions for theseparationof the two

enantiomer by/HPLQising chiral supportedolumns we were ready to start the catalyst screen.



